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Abstract 
 
The wide range of industrial applications involved with boiling flows promotes the necessity of 
establishing fundamental knowledge of boiling flow phenomena. For this purpose, in the past 
several decades, a number of experimental and numerical studies have been performed to 
elucidate the underlying physics of this complex flow.  
This research focused on introducing and developing a Computational Fluid Dynamics (CFD) 
technique to predict the subcooled boiling flow. Instead of using the traditionally empirical 
correlations, a proposed mechanistic approach (originally formulated by Yeoh et al. [1]), 
consisting of fractal analysis model, force balance method, and mechanistic frequency model, 
was simultaneously proposed and coupled with the Eulerian-Eulerian Two-Fluid framework for 
capturing the complex heat and mass transfers especially at the nucleation sites of vapour bubble 
generation on the heated surface. A Population Balance Method (PBM), named the Multiple Size 
Group (MUSIG) model, was also introduced to handle bubble interactions and predict bubble 
size distribution.  
At the early stage, the mechanistic approach was introduced to investigate the boiling flow under 
low pressure (1.37-1.97 bars) operations. The approach’s prediction accuracy was evaluated 
using a modelling assumption of bubble sliding along the wall before lifting off, which is usually 
found in boiling flow. By accommodating the variable materials, like Wet-Steam (IAPWS-IF97), 
the actual capability in terms of the approach’s prediction accuracy could be assessed, and the 
realistic phenomenon of subcooled boiling flow could be explored from this modelling. This 
validation study was performed over a wide range of flow conditions. As a result, simulations of 
the subcooled boiling flow by using the constant-property liquid and the Wet-Steam both showed 
good agreement for the void fraction with Lee’s experiments [2]. While introducing them for 
predicting Yun’s cases [3, 4] (the height of heated-section is almost twice of Lee’s cases), the 
void fraction and the bubble Sauter Mean Diameter (SMD) of the Wet-Steam cases had better 
agreement with the experimental data. This investigation could reveal an outstanding 
performance of introducing the Wet-Steam together with the mechanistic wall portioning model 
for predicting the subcooled boiling flow.  
Afterwards, the mechanistic wall boiling models were further introduced to elucidate the 
subcooled boiling flow at elevated pressure (4.97-9.49 bars). Since the more accurate predicted 
 v 
 
results had been found from the case using the Wet-Steam properties, in this evaluation study, the 
variable properties were again introduced for the realistic simulation. Existing experimental data 
at elevated pressure (Ozar’s experiments [5]) were chosen to evaluate the accuracy of the 
presented mechanistic approach. The void fraction and Interfacial Area Concentration (IAC) are 
in good agreement with the experiments; however, the bubble velocity and bubble Sauter Mean 
Diameter (SMD) are over-predicted. This over-prediction may be caused by consideration of 
only dispersed and spherical bubbles (Group-1) in the simulations. In reality, the merging with 
neighbouring bubbles before detachment from the heated rod may lead to bigger bubbles    
(Group-2) and lower bubble velocities. Hence, the effect of turbulence models and the 
development of PBM (by embedding Group-2 bubbles in the modelling) may improve the 
current predictions of bubble velocity. 
At the later stage, the mechanistic approach was further developed to consider more essential 
physics of bubble dynamics, including: i) conditions of sliding, ii) merging during sliding, and 
iii) merging without sliding, which usually happens along the vertical hot surface before leaving 
the nucleation site. Due to an attempt to elucidate the flow physics of subcooled boiling under 
high pressure conditions (14.6-26.2 bars), the DEBORA experimental data (Garnier’s works [6]) 
were introduced for an evaluation of this developed mechanistic approach. The properties 
(variables) of the refrigerant (R12), which normally change along the vertical direction, were 
specially attended in this elucidation. The predictions of the developed mechanistic approach 
were benchmarked with the results of using the empirical correlation and with the original 
mechanistic approach. As a result, the predicted void fraction and liquid temperature were found 
to have better agreement with the experiments when compared with the others. Also, the 
predicted superheating temperatures were found to be dominated by the quenching heat 
component. It was found that incorporating more bubble interactions could enhance the 
prediction accuracy of the portioning of heat and mass transfers on the boiled surface. 
In order to fully determine the potential of this developed mechanistic approach, introduction of 
the approach to investigate the subcooled boiling flow over a broad range of flow conditions has 
been suggested as the main focus for future works. It should be noted that in the current work, the 
bubble velocity and SMD are over-predicted, and this limitation may be caused by a 
consideration of only dispersed and spherical bubbles in the simulations. To better capture and 
predict the velocities and the SMD over a wider range of flow conditions, further development of 
the PBM by considering the Group-2 bubbles in the simulation is also required in future work. 
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Chapter 1                                                                         
Introduction 
 
1.1 Research overview 
1.1.1 Background and importance  
 Approximately 11% of the world’s electricity is produced by 451 nuclear reactors across  
31 countries (including the USA, France, Japan, Russia, and China), and 63 nuclear plants are 
under construction (see Figure 1.1) [7, 8]. Due to air pollution from coal-fired plants, most of 
these new nuclear plants are being constructed in China (~28 reactors) and the remaining plants 
are being built in India, Russia, and South Korea [9]. In the meantime, researchers have currently 
attempted to develop a prototype of offshore nuclear power plants (OFNP). Ideally, such a plant 
should be located far from coastal populations and connected to land by an undersea energy 
transmission cable. Interestingly, placing the plant in deep sea water (at least a 100-metre depth) 
has many advantages, such as providing an infinite source of cool water protecting the plant from 
earthquakes and tsunamis (see Figure 1.1, top right) [10]. Apart from enhancing the level of 
protection of the plant by introducing a new and careful design, it should be noted that 
encouraging an entirely risk-free nuclear plant operation has been a critical issue for decades.  
 
 
Figure 1.1 Diagram of Pressurised Water Reactor (PWR) 
nuclear plant (top left), world electricity production by source 
(bottom right), and a floating nuclear plant proposed by MIT 
(top right) [10, 11] 
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The reactor is one of the key components of a nuclear power plant (Figure 1.1). It is 
composed of numerous fuel rods made of natural uranium, and there is a pressurised water flow 
inside the tubes. During a nuclear reaction, heat energy is transferred from the surface of the fuel 
rods to produce steam for the electricity generation system. Thus, to maximise the thermal 
efficiency of nuclear plants, the removal of heat from the fuel rod surfaces is enhanced by a 
subcooled water flow that acts as a coolant fluid. 
 
 
 
Figure 1.2 Coupled neutronic/thermal-hydraulic instability mechanism [12] 
 
The parameters that are most important to nuclear researchers are i) the possible amount of 
void fraction (vapour bubbles) occurring while the reactor is operating (see Figures 1.1 and 1.2) 
and ii) the possible occurrence of a critical heat flux (CHF) situation, which needs to be avoided. 
The nucleate boiling phenomenon can be seen in Figure 1.2. Having a low void fraction between 
the fuel rods may cause a low amount of electricity to be produced. In contrast, a high void 
fraction in the reactor may result in a decrease in the reactivity of the cooling system. In these 
circumstances, the removal of heat from the control rods may not be efficient. Hence, these 
parameters are simultaneously linked to each other during the operation. Monitoring the void 
fraction inside the reactor is crucial for maximising the overall performance of the nuclear plant. 
Anyway, in order to gain a fundamental understanding of the nucleate boiling process, which 
usually happens on the surface of heated rods in the reactor, it is necessary to describe some of 
the physical properties of the boiling characteristics in the following paragraph. 
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In general, nucleate boiling can be classified into two categories (see Figure 1.3): i) pool 
boiling, in which a heated surface is located in the pool of liquid, and ii) flow boiling, in which 
the liquid flows over a heated surface. The fundamentals of the physical features of pool boiling 
are illustrated in Figure 1.4. Clearly, some important boiling phenomena may be seen following 
the change in the excess (wall-superheating) temperature and the amount of heat flux supplied at 
the surface. As shown in the figure, the boiling process may begin with natural convection 
(single-phase heat transfer), in which no vapour bubbles can be found. The temperature of the 
cold bulk liquid near the heated surface then increases up to the saturation temperature 
corresponding to the local pressure. Consequently, the nucleation of and growth in vapour 
bubbles may be noticed. Once the bubbles have become sufficiently large, they eventually detach 
themselves from the heated surface. 
 
 
  
 
Figure 1.3 Classifications of boiling: pool boiling (left) and flow boiling (right) [13] 
 
With a significant increase of wall heat flux, the excess (wall-superheating) temperature 
(see Figure 1.4) may lead to a situation where there are too many large bubbles over the surface. 
This could subsequently lead to flow instability and the point of Critical Heat Flux (CHF) could 
be reached. After reaching the CHF point, the phenomenon can be postulated as transition boiling 
(partial film boiling) and film boiling. Prior to a CHF situation, the core is usually surrounded by 
lots of vapour bubbles (inadequate liquid access to the heated surface). This can cause a sharp 
increase in surface temperature and a reduction in the local heat transfer coefficient. Eventually, 
this situation can lead to physical damage (meltdown) of the heated rods and the consequent 
collapse of the nuclear power plant.  Therefore, the amount of vapour bubbles nucleated from the 
heated surface prior to the CHF point is also necessary to be known for the smooth system 
operation. Also, such mentioned accidental situations may not be occurred if the detection of 
boiling behaviours is clearly developed and understood. 
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Figure 1.4 A typical pool boiling curve for water under atmospheric pressure [14] 
 
Due to the lack of a coolant to prevent heat rod damage, an explosion took place in a 
nuclear plant reactor core in 1986 (the Chernobyl disaster, Ukraine). The number of local people 
suffering from cancer as a result of this explosion may be around 4,000. The site of the accident 
is currently still very radioactive, and it may take around 100 years for the area (the abandoned 
city of Pripyat) to become habitable again (see Figure 1.5) [15]. Therefore, determining the 
appropriate operations (working conditions) of a reactor in safe conditions is crucial for 
simulating the boiling process that happens on the heated surface. 
 
 
 
 
Figure 1.5 Chernobyl disaster: the plant after the explosion (left) and the nearby town,       
Pripyat (right) [16] 
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As well as understanding systems of electricity production, understanding and predicting 
subcooled boiling flow is also of critical important in a large number of industrial heat exchanger 
applications, such as advanced microelectronic cooling modules [17]. In these applications, the 
operating conditions are mainly designed to maintain heat fluxes lower than the Critical Heat 
Flux point. Once the electronic component surface has undergone dry-out, where an insulating 
layer of vapour blankets the solid surface, it is possible for an immediate, uncontrollable and 
drastic increase in surface temperature, with dangerous and potentially catastrophic 
consequences, to occur. This may lead to the eventual destruction of the electronic components 
[18].  
For example, the 3M Novec fluid (boiling at 61°C) has been recently introduced for 
removing the heat from computer components as an alternative (coolant) to using the traditional 
fan system  ( Figure 1.6). After the coolant has flowed up and cooled the condenser unit at the 
top, the vapour bubbles eventually condense back to a working fluid once more. Using special 
coolant fluids may be used to increase the heat transfer coefficient. Also, a  number of 
researchers have developed an innovative bi-functional heterogeneous surface structure, which 
may enhance the performance of boiling heat transfer [19]. Hence, while developing the 
numerical methods and assessing the prediction accuracy, it should not be forgotten that the 
(variable) properties of working-fluid (coolant) that can change following the operating pressures 
may be required to be accommodated for a particular purpose of realistic nucleate boiling 
simulation. 
 
 
 
Figure 1.6 The passive immersion cooling system with the 3M Novec fluid [20]  
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1.2 The importance of Computational Fluid Dynamics (CFD) method 
As part of the basic requirement for safety operations and advanced system designs, many 
researchers have attempted to gain a greater understanding of the subcooled boiling flow 
phenomenon. Normally, elucidations of hidden flow physics through experimental study require 
full-sized experimental facilities; alternatively, scaled-down models may be used. Due to the 
limitations of cost and certain adverse conditions, experimental investigations of the appropriate 
operating conditions in actual chemical plants and nuclear reactors may not be possible. 
However, with recent developments regarding the hardware of computer technologies and more 
efficient Computational Fluid Dynamics (CFD) methods, introducing the CFD technique to 
perform simulations for complicated thermal systems is more affordable and more attractive.  
In order to obtain accurate predictions, reliable fluid flow models with appropriate 
constitutive relations are essential. So far, a number of empirical correlations and mathematical 
models regarding boiling mass and heat transfers have been formulated. These formulations can 
be specifically used for further numerical purposes, especially in predicting bubble nucleation 
and growth in subcooled boiling. However, before employing the numerical method for re-
designing/improving essential thermal engineering applications, a validation study is required. 
There have been a number of experimental studies regarding subcooled boiling flow published 
recently, which allows a validation study to be performed and further numerical method 
development to be conducted.   
 
1.3 Research objectives  
This research mainly aims to develop a numerical technique for predicting the subcooled 
boiling flow for a wide range of flow conditions. Based on this, a number of research activities 
must be undertaken.  
Firstly, the mechanistic models have been proposed to calculate the bubble parameters (at 
the heated wall boundary). These parameters, instead of the available empirical correlation, have 
been coded and implemented in the Ansys CFX 14.5 program. Secondly, a validation study was 
required to avoid unexpected errors from the simulation configurations. During this second task, 
the numerical results have been benchmarked with the experimental data. The effects of using 
variable fluid properties (such as Wet-Steam) and traditional constant properties were also 
investigated in this modelling. Thirdly, to widely extend the prediction range, the essential 
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physics of vapour bubbles while growing on the heated wall, such as the sliding condition, 
immediate lifting-off, the merging of vapour bubbles and their condensation, have been taken 
into account in the proposed approach. After an improvement of the mechanistic models, this 
developed approach was used to perform the simulation study to evaluate its performance. This 
has been investigated under different flow conditions (for example, at elevated and high 
pressures). Following this, the outcome in terms of accuracy of the current model could be 
assessed. More importantly, the drawbacks of the proposed approach could be established for 
future work.   
The objectives of this research can be summarised as follows: 
1. To review the possible mechanistic models those were originally formulated from 
physical observations of the bubble growth replacing the empirical correlations, which may have 
limitations in terms of prediction range.   
2. To implement the mechanistic models, consisting of fractal analysis, the force balance 
approach and mechanistic bubble frequency, into the numerical program, named ANSYS CFX 
14.5, for simulating the subcooled boiling flow. 
3. To evaluate the capability of the proposed mechanistic approach in terms of prediction 
accuracy by validating through an experimental study that operates at low and elevated pressures. 
4. To further develop the mechanistic approach by incorporating the essential physics of 
nucleated bubbles occurring on the heated surface (i.e., the conditions of sliding, merging while 
sliding and merging without sliding).  
5. To assess the performance of the developed mechanistic approach by performing 
simulations of the subcooled boiling flow at high pressure. 
6. To identify the possible drawbacks of the developed mechanistic approach and 
recommend for future code development. 
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1.4 Thesis structure 
The background and importance of this research, including the phenomenon of nucleated 
boiling, the research objectives and the structure of this thesis, are given in Chapter 1. 
In Chapter 2, the characteristic of subcooled boiling flow is reviewed as the first section. 
The details of the wall boiling algorithm (the existing Rensselaer Polytechnic Institute (RPI) 
algorithm and its closures) regarding the closure details of the wall heat flux partitioning model 
are then presented. The available correlations and mechanistic approach to calculate nucleation 
site density, bubble departure diameter and bubble frequency are reviewed. Also, the previous 
researches that have employed the correlations for studying subcooled boiling flow are discussed 
and used to define the research gap. It should be noted that this review chapter is focused on the 
recent development of the mechanistic models. Attention is particularly given to a review of the 
fractal analysis and force balance approach for numerical development.  
The fundamental backgrounds required for simulating the subcooled boiling flow are 
outlined in Chapter 3. The governing equations of the two-fluid model and descriptions of the 
interfacial terms of mass, momentum and energy equations will be provided. The population 
balance method (for tracking bubble size distributions) and its source terms, which consist of 
bubble breakage and coalescence mechanism theories, are then explained. The configurations of 
the RPI algorithm and the proposed mechanistic closures are detailed in the last section of this 
chapter. 
A validation study of the subcooled boiling flow at low pressure (1.37–1.97 bars) using a 
mechanistic heat flux partition model is presented in Chapter 4. Due to it being a more realistic 
simulation, the wet steam properties are intentionally introduced as the working fluid in this 
numerical work, instead of the traditional fixed properties being used. The predicted results, 
including void fraction, interfacial area concentration, Sauter Mean Diameter and bubble 
velocity, are compared with the experimental data. In addition, the simulation results are 
compared with the cases, using constant properties for distinguishing the effect of fluid 
properties. As well as the bubble dynamic, the velocity and temperature of liquid are also 
discussed, together with the experiments. Based on this numerical work, some feedback, 
especially in terms of the current prediction accuracy, can be precisely observed. 
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The performance of the proposed approach is further investigated in the subcooled boiling 
flow at elevated pressure. In Chapter 5, the existing experimental data at ~5 bars are chosen to 
evaluate the accuracy of the proposed mechanistic approach. The predicted void fraction, 
interfacial area concentration, bubble velocity and Sauter mean diameter are compared to the 
experimental data. Overall, this simulation study attempts to identify some drawbacks of using 
the proposed approach when studying at higher pressure and makes recommendations for the 
further code developments.  
In Chapter 6, the evaluation of the developed mechanistic approach is performed in 
subcooled boiling flow at high pressure (14.6–26.2 bars), with different conditions of mass flux 
and degrees of subcooling. The main aim is to observe the potential of the developed approach 
when applying it to predicting the flow situations using different fluid materials (refrigerant). As 
previously mentioned, the essential physics of nucleated vapour bubbles during growth on a 
heated surface are adopted. As such, the predictions from three different approaches –  the 
empirical correlation method, the original mechanistic approach and the developed one – are 
compared and discussed in terms of prediction accuracy, together with the experimental data. 
Additionally, the possible drawbacks of the developed mechanistic approach can be found and 
established for further modelling improvements. 
The research outcomes and contribution from this PhD study are summarised, and the 
recommendations for future works given, in Chapter 7.  
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Chapter 2                                                                         
Literature review 
 
2.1 Introduction 
In recent decades, many empirical correlations have been formulated based on intensively 
investigated experimental works. The focus has been on nucleate boiling, whose conditions are 
relevant to nuclear plant systems [21-23]. Consequently, confidential empirical correlations in 
predicting important parameters are required at the wall-boiling algorithm (the boundary 
condition of heated wall). Therefore, i) active nucleation site density, ii) bubble departure 
diameter, and iii) bubble lift-off frequency have been implemented into Computational Fluid 
Dynamics (CFD) codes for simulating thermal system applications [24, 25]. Nevertheless, 
according to numerical data, limitations of the current correlations have been found. Likewise, 
they are only applicable for predicting within a restricted range of flow conditions [26-28]. For 
instance, some correlations are appropriate for predicting pool boiling in high pressure conditions 
[29].  
On the one hand, the empirical correlations have been recently modified to give an 
opportunity to predict more complex flows such as subcooled boiling flow and nanofluid boiling 
[30-34]. On the other hand, to gain more accuracy in terms of capturing the essential physics of 
subcooled boiling flow for a wider range of flow predictions, a number of mechanistic models 
have been adopted at the wall boiling closures, instead of using the empirical correlations. In 
addition, to further extend the range of the flow prediction of the mechanistic models, validation 
studies, in which the predictions are benchmarked with the experimental data, are strongly 
recommended [26-28].  
Therefore, in this chapter, the details and recent developments of the wall-boiling algorithm 
and its closures (the empirical correlations/the mechanistic models) are the main focus. In order 
to gain a fundamental understanding of this kind of flow simulation, in this chapter, the 
characteristics of subcooled boiling flow are firstly illustrated. Prior to the review section of the 
constituted models, the descriptions and some assumptions of the wall-boiling (RPI) algorithm 
and the embedded closures that are available in the ANSYS CFX 14.5 code are presented. In 
particular, the descriptions regarding the wall heat-flux components are intensively reviewed due 
to the need for clarification of this research interest. Subsequently, the recent models proposed to 
 11 
 
improve the subcooled boiling flow prediction, named the mechanistic models, are presented. 
The existing gaps for this numerical research of subcooled boiling flow are pointed out in the last 
section of this chapter as the concluding remarks.  
 
2.2 Characteristics of subcooled boiling flow 
Due to the research focus, the main characteristics of subcooled boiling flow are 
intentionally described in Figure 2.1. As can be seen from the figure (left), the subcooled liquid 
is flowed up between the heated walls. Usually, once the temperature of the liquid on the heated 
surfaces is over local liquid saturation temperature, vapour bubbles start to be nucleated. The first 
nucleation point is called the Onset of Nucleation Boiling (ONB) (see the right figure). Further 
downstream, the amount of vapour bubbles begins to significantly increase when the sub-cooling 
temperature is slightly decreased. Therefore, this location is called the Net Vapour Generation 
(NVG).  
 
 
Figure 2.1 Phenomenological illustrations of subcooled boiling flow – bubble interaction 
mechanisms (left), bubble void fraction (right) [35]  
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The point at which the vapour bubbles leave the wall and oppose the lower-temperature 
bulk liquid can be seen from the figure (left). Consequently, their sizes become smaller and 
sometimes they may be disappeared because of the condensation process. Also, because of break-
up and coalescence mechanisms, the size of flowing bubbles can be increased and/or decreased 
along the downstream. Eventually, this phenomenon is reflected in a reduction of the void 
fraction. Normally, big bubbles, like distorted/cap types, flow at the middle of the pipe and small 
bubbles flow near the wall. 
2.3 Descriptions of the wall–heat flux partitioning algorithm  
As earlier mentioned, to gain more understanding regarding the calculations of the heat 
partitioning at the heated wall, the physical, fundamental equations and modelling specifications 
of subcooled boiling flow are detailed in this topic. The details regarding the bubble nucleation, 
growth and departure are explained in this section as follows.  
2.3.1 Physical aspects of bubble nucleation, growth and departure  
Basically, vapour bubbles start to initiate at the microscopic cavity’s level on the heated 
wall when the temperature is above the saturation temperature of liquid. Once the cavity sites are 
activated, the local liquid normally becomes supersaturated, and this definitely leads to a growth 
of the vapour bubbles. As shown in Figure 1.3, the general procedures on the heated wall begin 
from the nucleation, growth, and departure of vapour bubbles, respectively. During this nucleate 
boiling process, the heat can be simply transferred from the hot surface to a cooler bulk liquid by: 
(i) evaporation across liquid–vapour interfaces; (ii) transient conduction; and (iii) the micro-
convection.  
Briefly, the heat flux from the wall can transfer to the bulk liquid into three forms (see 
Figure 2.2). The first component is the evaporation heat flux ( eQ ), which is the heat contributing 
to vapour production at the nucleation sites. The second is the conduction heat flux ( qQ ), which 
is the heat corresponding to quenching (super-heating) the sites after bubbles lift-off for a new 
generation. Lastly, for the region of the wall not influenced by the nucleation sites, this portion of 
heat goes to the liquid corresponding to the convective heat transfer, so it is called the single-
phase convection heat flux ( cQ ).  
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2.3.2 The existing wall heat flux partitioning model and its closures 
As earlier explained, the equation of the wall heat flux partitioning model can be structured 
as Equation 2.1. Actually, this equation was originally formulated by Kurul and Podowski 
(1991) [29], from Rensselaer Polytechnic Institute (RPI), based on the pool boiling experiment 
and it is widely known as the RPI model.  
In order to calculate each component of the wall heat flux, there is a requirement to 
consider the fraction area of the heat wall as being split into two fractions. First, it is fraction 2A , 
which is influenced by the vapour bubbles, and normally it is required for quenching heat flux 
calculation. The rest of the wall surface is called fraction 1A , and this term is involved in a 
calculation of the convective heat flux as shown in Equation 2.2, with 21 1 AA  . 
eqcWall QQQQ   (2.1)
 
)(1 lwcc TThAQ   (2.2)
 
Where wT  is the temperature of heated wall, lT  is the temperature of the liquid at the wall 
and ch  is the turbulent heat transfer coefficient, which is usually calculated using the liquid 
 
 
Figure 2.2 Conceptual description of the basic wall boiling model, in which the total wall 
heat flux is partitioned into three components [36]  
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velocity near the wall and a size of the near-all grid cell. Some researchers suggest calculating the 
ch  term based on the turbulent Stanton number correlation [22, 29] and others modelled ch  using 
the turbulent wall function [37].  
)( , lsatge hhmQ    (2.3)
 
The evaporation heat flux can be calculated using Equation 2.3. Where satgh ,  and lh  are 
the specific enthalpies of the saturation vapour and subcooled liquid, respectively, and m  is the 
evaporation mass transfer per unit wall area.  
Basically, to obtain the evaporation rate, three main parameters are required: i) the bubble 
departure size ( wd ), which is used for calculating the product of the bubble mass; ii) the 
detachment frequency ( f ); and iii) the density of the nucleation site ( n ). The following formula 
of the evaporation rate was formed by Kural and Powdowski (1991): 
fdAAfn
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Egorov and Menter [38] presented the evaporation rate in terms of the non-limited area 
fraction, as shown in Equation 2.5; however, the final form of the area fraction factor ( ' max,2A ) is 
limited by 5. The 2F term is a user-modifiable parameter and the default value is equal to 2. 
 
   pKTmmn sup2 ][   ; 805.1,210  pm  (2.6)
 
The nucleation site density ( n ) term can be calculated using an empirical correlation, as 
shown in Equation 2.6, and this form was proposed by Lemmert and Chawla in 1977. 
Alternatively, the popular correlation for calculating nucleation site density was proposed by 
Kocamustafaogullari and Ishii in 1983 [25]. It should be noted that so far there have been many 
empirical correlations proposed and these will be detailed in the literature review chapter. 
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The quenching heat flux portion can be calculated by Equation 2.7. Two important 
parameters involved in the equation are 2A and qh , as shown below: 
)(2 lwqq TThAQ   (2.7)
 
Where qh  is the quenching heat transfer coefficient, and originally this term is calculated 
by considering the waiting time ( wt ) between the bubble departure and the next bubble 
generation [39, 40].  
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])[45],[6.0],[4.1( max KTmmdmmd refref   (2.12)
 
Where )/( lPll C    is the liquid temperature conductivity coefficient, and l  g  are the 
densities of liquid and gas, respectively. As shown in Equation 2.9, f  is the frequency of the 
bubble detachment from the nucleation site and this empirical correlation was formulated by 
Cole and Shulman in 1966 [41]. The drag coefficient factor ( DC ) was taken to be unity by 
Ceumern-Lindenstjerna (1977).  For the bubble departure diameter ( wd ), Kurul and Podowski 
adopted the empirical correlation proposed by Tolubinski and Kostanchuk (1970). This empirical 
correlation is shown in Equation 2.11.  
As clearly seen from Equation 2.12, the parameters of this correlation are dimensional and 
are chosen to fit pressurised water data. In addition, there have been a number of empirical 
correlations proposed so far and these can be seen in the following section. 
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The important term to close the calculation of quenching heat flux from the wall is the area 
influence factor ( 2A ) and this can be calculated by using Equation 2.13. As mentioned earlier, 
the area fraction subjected to single-phase liquid convective heat transfer ( 1A ) is calculated by
21 1 AA   , and its actual form can be seen from Equation 2.14. 



  1,
4
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A w
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(2.13)
 
 241 1,10max AA    (2.14)
 
Clearly, the existing RPI model calculates the portions of heat from the wall by using 
empirical correlations as the closures. Therefore, in the following section, the details of the 
empirical correlations essentially need to be reviewed. 
2.3.3 Reviews of empirical correlations (RPI closures) 
As mentioned by Warrier and Dhir [42], generally the wall boiling models can be divided 
into three different groups. For the first group, Bowring’s model is basically used to calculate the 
total heat flux in which two separated zones, the partial boiling occurrence and fully developed 
nucleate boiling, are considered [43]. Usually, these empirically correlating models provide only 
the overall heat transfer. However, the important information, regarding the partitioning of wall 
heat flux between liquid and vapour phases (such as the fraction of the heat used for vapour 
generation), cannot be calculated. Therefore, no sufficient information in a prediction of the 
reactivity in the nuclear reactors was observed.   
Second, the empirical correlations are proposed to calculate the partitioning of wall heat 
flux. Basically, using these models leads to interesting information, for example, the void 
fraction occurred in the reactor – the fraction of the wall heat flux that is utilised for heating the 
bulk liquids – and important information affecting the vapour condensation rate was collected.  
Last, the mechanistic models are introduced for predicting both wall heat flux and the 
partitioning. Nevertheless, comparing between those two groups, only the mechanistic model 
considers the relevant heat transfer mechanisms occurring during the boiling process. Moreover, 
the mechanistic model can also be used to determine for the independent component (i.e. the 
convection, conduction and evaporation heats) of the wall heat flux and the overall heat flux 
between the liquid and vapour at the wall.  
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In this review section, the empirical correlations that have been proposed for predicting the 
important parameters – i) nucleation site density; ii) bubble departure diameter; and ii) bubble 
detachment frequency – of the wall heat flux partitioning algorithm are presented as follows. 
- Nucleation site density 
Kocamustafaogullari and Ishii [25] proposed the active nucleation site density correlation 
based on their parametric study in pool boiling in 1983. They assumed that both surface 
conditions and physical properties of the water mainly influenced the active nucleation site 
density. By modifying the superheated temperature term at the equation, their correlation can 
also be applied for force convection systems.  Yang and Kim (1988) [44] used a scanning 
electron microscope and a differential difference contrast microscope for the cavity radius 
measurements. They found that only a certain size of cavities can entrap gas or vapour and can 
become active nucleation sites. Based on their observations, the parameters involved in 
nucleation site calculation were the boiling surface material finish and the haft of the cone angle, 
which is a constant for each pair between liquid and material surface. 
In 1993, Wang and Dhir presented a model of nucleation site density by considering the 
effect of contact angle during water pool boiling [45]. Benjamin and Balakrishnan (1997)[46] 
performed an experiment to investigate the nucleation site density during nucleate pool boiling of 
saturated pure liquids at low-to-moderate heat fluxes. Their particular observations were about 
the nucleation site density from different materials and surface roughness. Different liquids were 
also considered. They concluded that the nucleation site density was affected by the surface 
micro-roughness, the liquid surface tension, thermo-physical properties of the heating surface 
and liquid, and the wall superheat.  
In 2002, Basu, Warrier and Dhir [47] observed the active nucleation site density during 
forced convective water-boiling on the vertically heated surface. From the experiments, the 
nucleation site density happened at different mass fluxes, and liquid subcooling was compared. 
The surface wettability during testings was limited by controlling the degree of oxidation of the 
surface. They found that only the contact angle and wall superheat were influenced by the 
nucleation site density. For the liquid velocity and local subcooling effect, it was explained that 
they are implicit in the relationship between local heat flux and wall superheat. Thus, they 
affected the nucleation site density independently. Up to the present, there have been many 
empirical correlations of nucleation sites that have been formulated and their details can be 
summarised as shown in Table 2.1. 
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Table 2.1 Empirical correlations for nucleation site density [27]. 
Name Correlation Details 
 
Gaertner and Westwater 
 
 
  
Hsu and Graham   
Kirby and Westwater  
Mikic and Rohsenow 
 
Johov  
Bier 
 
 
Cornwel and Brown 
 
 
Lemmert and Chawla 
 
 
Koncar et al.  
Kurul and Podowski  
Krepper et al. 
 
 
Kocamustafaogullari and 
Ishii   
Wang and Dhir 
 
 
Benjamin and 
Balakrishnan   
Hibiki and Ishii 
 
 
Basu et al. 
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- Bubble departure diameter 
 
Table 2.2 Empirical correlations for bubble departure diameter [27]. 
 
Name Correlation Details 
 
Fritz 
 
 
 
Zuber 
 
 
Han and Griffith 
 
 
Cole and Shulman 
 
 
Cole 
 
 
Cole and Rohsenow  
Tolubinskiy and 
Kostanchuk 
 
 
Unal 
  
 
 
Kocamustafaogullari 
and Ishii   
Farajisarir 
  
Morel et al. 
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In 1962, Bowring [43] introduced the idea for locating the NVG point by modelling the 
point of bubble departure on the heating surface. Many models were later developed based on the 
same idea, such as the models of Staub [48], Rogers and Li [49] and Lee and Bankoff [50]. On 
that model, mainly the flow was considered to be divided into two regions: i) the highly 
subcooled region, where the bubbles remain attached to the heating wall, grow and condense on 
it; and ii) the slightly subcooled region, where the void fraction starts to increase significantly, 
when the bubbles start to detach from the heating surface giving the opportunity for new bubbles 
to nucleate.  
By considering physical principles, Bosnjakovic and Jakob formulated the governing of 
bubble growth from uniformly superheated liquid in 1932. Zuber [51] extended the formulation 
for the bubble growth and the collapse of vapour bubbles that have a non-uniform temperature 
field in subcooled boiling. In 1991, Kural and Podowski [29] developed the correlation of 
Tolubinski and Kostanchuk [52] by limiting the maximum and minimum possible sizes of bubble 
departure. Information regarding the empirical correlations and their details can be found in 
Table 2.2. Subsequently, in 1996, Zeitoun and Shoukri [53] proposed the correlation for the 
mean bubble diameter as a function of the local subcooling, heat flux, and mass flux. However, 
since that time work has been done on these correlations[27], and the results confirm that the 
correlations cannot predict accurately for a wide range of operations.  
- Bubble detachment frequency 
In 1962, McFadden presented a non-dimensional correlation of the frequency-bubble 
diameter relationship of vapour in pool boiling [54]. After that, a similar formulation was 
analysed by Ivey [55], in which the liquid velocity was formed into the correlation as well. In 
1979, Voloshko [56] proposed the departure frequency of vapour bubbles on the heating surface 
by considering physical characteristics and the mechanism of heat transfer.  
In 2006, Situ [57, 58] modified the correlation from the work of Chen [59]. In his work, the 
correlation was able to predict bubble departure frequency in forced convective subcooled 
boiling. The results indicated that the higher frequency of bubble departure occurs when the 
nucleation site density and wall superheat are at their lowest. Moreover, it was also concluded 
that the models developed from pool boiling flow do not work well for convective flow boiling. 
He also mentioned that the nucleate boiling heat flux should be involved in formulating a 
correlation of non-dimension bubble departure frequency. Further interesting empirical 
correlations of bubble detachment frequency can be seen in Table 2.3. 
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2.3.4 Summary regarding current status of RPI algorithm  
From Tables 2.1–2.3, it can be seen that all empirical closures of the RPI model are clearly 
not universal and it may be suitable for a particular range of flow condition. Hence, this situation 
has shown invariably less successful because of the limitations of experiment conditions [27].  
As mentioned, most of them were formulated based on studying pool boiling rather than 
flow boiling; as a result, the predictions from using the empirical correlations were mostly found 
to be under-predicted when compared with the experimental data [27].  
Moreover, since the empirical models are not considering the physical mechanisms of 
vapour bubbles on the heated surface, thus significant differences between the predictions and 
Table 2.3 Empirical correlations for bubble detachment frequency [27]. 
Name Correlation Details 
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Zuber 
 
 
Hatton and Hall 
 
 
Ivey 
 
for hydrodynamic region 
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for thermodynamic region 
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Podowski et al. 
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experimental data can occur when the conditions for which they were developed is not duplicated 
(as summarised by Warrier) [42]. It should be noted that some important heat transfer 
mechanisms due to the physical aspects of vapour bubbles on the heated wall will be presented in 
the following section. 
Therefore, in order to develop this RPI model for studying the flow boiling, some 
researchers have recently proposed mechanistic models, which consider the physical aspects of 
vapour bubbles on the heated surface for calculating nucleation site density, departure bubble 
diameter and departure frequency, instead of using the empirical correlation closures [1]. To 
clearly see the up-to-date progress of developments of the mechanistic models, some information 
will be given and discussed in the later sections. 
 
2.4 Possible mechanisms of nucleated bubble in subcooled boiling flow 
2.4.1 Bubble sliding before lift-off 
The sequences of vapour bubble behaviours on the heated wall are described in Figure 2.3. 
The growing bubble usually slides for a certain distance on the vertical heated wall before its 
departure. As mentioned by many researchers, due to this sliding phenomenon a transient 
conduction (the quenching term) could become the dominant mode of the wall heat transfer [60-
62].  
Recently, some researchers have considered the bubble sliding area to be involved in the 
calculation of the quenching heat flux [1]. This bubble phenomenon was precisely discussed in 
 
 
 
Figure 2.3 Typical consecutive images of bubble growth, departure and lift-off [63] 
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the experimental investigation of Tu [64]; afterwards, this significance was also considered in his 
developed mechanistic approach. 
 
2.4.2 Bubble merging during sliding  
Apart from bubble sliding before the departure, bubble merger while sliding could also 
happen as well. As mentioned by Basu [60], with a high Nucleation Site Density ( NSD), after 
growing while sliding, bubbles tend to merge with their neighbours to become a larger bubble 
before lifting off. The phenomenon of the merging during sliding of vapour bubbles on the 
surface can be clearly seen in Figure 2.4. 
 
 
 
2.4.3 Bubble merging without sliding  
From Figure 2.5, before the departure, bubble merger without sliding could also occur 
when operating at high heat flux. Actually, this figure shows the merging of nucleated bubbles in 
pool boiling, not flow boiling. Similarly, this merging situation in flow boiling can be seen when 
having high superheat temperature at the heated surface. Consequently, with the increase in 
NSD, during growing at the sites, bubbles tend to attach and merge with their neighbours in all 
directions before lifting off [60].  
 
 
 
Figure 2.4 Bubble merging during sliding on the heated surface [64]  
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2.4.4 Bubble size reduced due to condensation  
As confirmed by experimental observations of subcooled boiling flows, the bubbles can 
decrease in size as a result of the increased condensation [65]. It clearly shows in Figure 2.6 that 
after the lift-off, the bubble migrates toward the opposite end of the unheated wall of the annular 
channel. Later, a bubble is being condensed in a subcooled liquid away from the heated surface 
and gradually collapsing in the bulk liquid [66]. Actually, this kind of phenomenon could happen 
while the bubble is growing and sliding on the heated wall as well. However, in this section, 
there is no photograph to clearly present the aforementioned bubble mechanism. 
  
  
 
 
Figure 2.5 Bubble coalescence before departure [18]  
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2.5 Progress of well-known mechanistic models  
Physically, the size of the bubble can be represented as a portion of the latent heat carried 
from the wall and a bubble growth rate (frequency) can be expressed as the energy rate 
transferred into the bulk liquid in the form of the evaporation heat flux (see Fig 2.2). Normally, 
for the calculation of quenching heat flux (as shown in Equations 2.7–2.12), clearly the value is 
influenced by the bubble influence area and the quenching heat coefficient. In order to calculate 
the quenching heat coefficient, the waiting time between the bubble departure and the next 
bubble nucleation and other liquid properties may be sufficient for the pool boiling. This is 
because the bubbles lift off directly from the nucleation site. 
Nonetheless, for the flow boiling, the vapour bubbles have different characteristics; hence, 
the formula of the quenching heat coefficient (see Equation 2.8) may not be suitable for the case 
of the boiling flow. Consequently, the mechanistic models have been introduced for predicting 
 
 
Figure 2.6 Bubbles lifting off and undergoing condensation in bulk subcooled liquid [65]  
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both wall heat flux and the partitioning for the flow boiling. This is because the mechanistic 
model considers the relevant heat transfer mechanisms occurring during the boiling process. In 
addition, the mechanistic model can also be used to determine for the independent component 
(i.e. the convection, conduction and evaporation heats) of the wall heat flux as well as the overall 
heat flux between the liquid and vapour at the wall [42]. Thus, in the following section, the recent 
progresses of the mechanistic models are reviewed. 
2.5.1 Nucleation site density  
Instead of using only the superheating temperature [67], the mechanistic approach named 
fractal analysis was proposed to predict the NSD on the boiling surfaces [68-70]. As mentioned 
in Yu and Cheng’s paper, this proposed fractal model was formulated using the important 
parameter of on/near heated wall. An example of a typical bubbles image in flow boiling on a 
heated surface and the identification of the nucleation sites from bubble images can be seen in 
Figure 2.7.  
In general, the wall superheat, liquid subcooling, bulk velocity of fluid (or Reynolds 
number), fractal dimension, the minimum and maximum active cavity size, the contact angle and 
physical properties of fluid were mainly involved to formulate this mechanistic model. Since 
there has been no additional/new empirical constant contained, it can be said that the fractal 
analysis model contains fewer empirical constants than the conventional models.  
 
 
 
Figure 2.7 An example of typical bubbles image in flow boiling on copper surface and nucleation 
sites (green squares) identified from bubble images [71]  
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Mainly, this mechanistic model was developed based on the fractal distribution (the 
intensity level) of nucleation sites on boiling surfaces. As can be seen from Figure 2.8, the 
fractal dimension ( fd ) of nucleation sites can be statistically determined from a relationship 
between the number of active cavities formed on the heated surface and the pores in porous 
media. Further information regarding this mechanistic model can be found in the section of the 
description of mechanistic models in Chapter 3. Interestingly, due to considerations of various 
parameter properties and also a zero of the constant term contained in the formula, there has been 
a possibility to opt for NSD calculation for a wide range of flow conditions [69].  
2.5.2 Bubble detachment diameter 
In 1967, Levy [72] predicted the bubble diameter at the departure of the heated wall. The 
balance between buoyancy, surface tension and wall shear forces was considered based on the 
flow direction [72]. It was mentioned that the bubble leaves the heated wall providing that the 
temperature of the bubble tip should reach the saturate temperature. Hence, the temperature 
 
 
 
Figure 2.8 An example of a photograph of active nucleation sites (white spots) (a) 
and a determination of fractal dimension ( fd ) of nucleation sites (b) [68]. 
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profile of the fully developed turbulent single-phase flow was introduced to determine the degree 
of subcooling and to understand when the bubble would depart from the wall.  
Rogers et al. [73] developed further by including the effect of bubble contact angles into 
the bubble size based on the experiments from Winterton (1984)[74]. Also, they adopted the drag 
force into their calculation to replace the wall shear force. Later, this force balance approach was 
modified by Rogers and Li [49]. They included the surface roughness, through which the model 
could predict the flow at high pressure.  
Klausner et al. [75] (1993) formulated a force balance approach for predicting the bubble 
departure and lift-off sizes in the nucleate boiling (Figure 2.9). In his works, he provided detailed 
analyses of various forces acting on the bubble and used these in a prediction of the departure 
diameter. The beginning of imbalance among the forces such as the quasi-steady drag, the 
unsteady drag due to the growth of bubble, and the surface tension was a criterion for the bubble 
departure.  
More interestingly, due to the fundamental considerations of the various forces acting on 
the growing bubble, it is possible to introduce for predicting bubble detachment diameter for a 
broad range of flow operations. According to the recent work of Sugrue, this force balance 
approach may be required to develop further to embed essential bubble dynamics [76].  
 
 
Figure 2.9 Photograph of vapour bubble departure and lift-off (left) and the diagram (right) of a 
growing vapour bubble attached to a heating surface in shear flow [75].  
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2.5.3 Bubble departure frequency 
In pool boiling, bubble departure diameter refers to bubble diameter when a bubble leaves 
the heating surface; in flow boiling, bubble behaviour is more complicated. It is normally 
observed that a bubble leaves the original nucleation site and then starts to slide on the heating 
surface as it reaches a certain size, which is referred to as the departure diameter in flow boiling.  
The sliding bubble continues to grow by taking energy from the heating surface, and it 
eventually leaves the heating surface entering the bulk flow at a certain size, which is referred to 
as the lift-off diameter in flow boiling. Thus, the bubble frequency is closely related to the bubble 
departure diameter, bubble growth rate and waiting time. Podowski et al. (1997) [22] formulated 
the bubble frequency based on this mechanistic approach by considering the bubble waiting time 
and growth time.  
However, the model was not directly validated with the experiment. Similarly, this 
mechanistic model was used in the research of Yeoh et al. [23] (2008). However, there were no 
experimental results regarding the bubble frequency to be compared with their predicted results. 
 
2.6 Previous validation study of well-known mechanistic models 
2.6.1 Basu’s mechanistic model 
Basu et al. [60, 61] (2005) proposed a mechanistic model of the wall heat flux partitioning 
model by adopting the advance closures into the RPI model and comparing the results with their 
experiments. In his study, basically the heated wall was divided into two main zones, which have 
different bubble dynamics.  
At region between ONB and OSV (Figure 2.10), the bubbles remain attached to the heated 
surface and the entire wall heat energy is assumed to be transferred by enhanced forced 
convection to the liquid. With a reduction of the liquid subcooling, further downstream beyond 
the OSV, several heat transfer mechanisms that come into play in the region of detached bubbles 
are also shown in the figure. In particular, the sliding bubbles with/without merging were then 
considered in his model (Figure 2.11 and Figure 2.12). 
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After the OSV point, the bubbles keep growing and usually slide before they lift-off. As 
shown in Figure 2.11, the departure diameter ( dD ) is the bubble size that departs from its site of 
origin and begins to slide a measurable distance along the heater surface and the diameter; at the 
time that the bubble lifts off from the heater surface, this is called the lift-off diameter ( lD ). 
Similarly, the situation of merging without sliding (Figure 2.12) can be seen in this region as 
well. In this case, basically, the average size of growing bubbles can reach the maximum, which 
can be equal to the spacing distance between the nucleation sites. Bubbles can merge with their 
close neighbours, form the lift-off size ( lD ), and eventually depart from the heater surface. 
Based on this assumption, the growth time ( gt ) correlates to the time required for a bubble 
to grow to size ( s ) and the number of bubbles merging together to give one lift-off diameter 
bubble is obtained from volume considerations. As mentioned, the reduction factor can be 
calculated using 
3
3
l
f D
sR  , and this term is involved in the calculations of the transient conduction 
(quenching component) and the evaporative component. 
 
 
 
Figure 2.10 Possible mechanisms of vapour bubble on the heated surface before leaving [42] 
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Figure 2.11 Bubble sliding cases (a) sliding without merger (b) sliding with merger [42]  
 
 
 
Figure 2.12 Bubble merging before lifting off (without sliding) [42]  
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Regarding the prediction results, the transient conduction component was found to become 
the dominant mode of heat transfer. They also validated their mechanistic model with 
experiments and good agreements between them were found. Comparing among cases with his 
experimental data, the maximum error was found at about 30%.  
Later, the mechanistic model was attempted to predict a wider range of pressure, velocity, 
and subcooling temperature, by comparing the results with the literatures. However, higher error 
was found when applying this proposed mechanistic model with a wider range of the flow 
conditions. As can be concluded, the prediction limitation may be because the model was 
internally calculating the main bubble parameters at the heated wall by using the empirical 
correlations. In any case, the comprehensive review of heat transfer and wall heat flux portioning 
regarding this mechanistic mode can be found from Warrier’s work [42]. 
 
2.6.2 Yeoh’s mechanistic approach  
Another great attempt to improve the prediction of the wall heat flux portioning, especially 
for vertical subcooled boiling flows, can be found in Yeoh’s work (2014) [1, 22]. Generally 
speaking, the relevant mechanistic models including fractal analysis and the force balance 
approach were considered in this mechanistic approach for calculating nucleation site density and 
bubble detachment diameter. The new mechanistic model of bubble frequency based on the work 
of Podowski [77] was also incorporated in this code development.  
As mentioned by researchers [78, 79], the sliding of a growing bubble for a certain distance 
on the heated surface before the lift-off can usually be seen in the vertical subcooled boiling flow 
at low pressure. As concluded, a significant heat transfer mechanism can be caused by the vapour 
bubble sliding on the heated wall. It was suggested to be considered in the development of 
mechanistic flow boiling heat transfer models. Thus, this kind of bubble mechanism was also 
incorporated into the proposed mechanistic approach. The details of growth, sliding and lift-off 
of a typical bubble at the heated surface of the wall can be clearly seen in Figure 2.13. 
Apart from the mechanistic models, the population balance model, which can account for 
bubble coalescence and bubble breakage, was also employed in the validation study. From the 
prediction results, the proposed mechanistic approach was found to have a better agreement with 
experimentally measured superheat temperatures when compared with the selected combinations 
of empirical correlations. Also, the bubble sliding along the heat wall was found to play a 
dominant role in influencing the heat partitioning and surface quenching heat flux during the 
subcooled flow boiling.  
 
 33 
 
 
Figure 2.13 A diagram illustrating the partitioning of the heat flux on the wall [1]  
 
Some essential physics, for example, the condensation at the bubble tips and the merging of 
bubbles, were mentioned to be included in their future works. In addition, in order to extend the 
prediction ranges of the current mechanistic model, some further works still need to be 
conducted. Likewise, it can be said that Yeoh’s research [1, 22] was a great attempt wherein the 
mechanistic models were purely introduced and involved at the heat-flux partitioning algorithm. 
Due to having none of the empirical correlations employed, possibly this can give an advantage 
in predicting the subcooled boiling flow for a wider range of flow conditions.  
 
2.7 Concluding remarks 
Overall, the essential mechanisms of vapour bubbles in subcooled boiling flow have been 
precisely reviewed in this chapter. Among the empirical correlations, the physical mechanisms 
such as bubble interaction on the heated wall were not included. Thus, significant differences 
between the predictions and experimental data can occur when the conditions for which they 
were developed are not duplicated. According to the recommendations from many researchers, 
using the empirical correlation is invariably less successful due to the limitations of the 
experimental conditions [27]. 
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Recently, some studies have proposed the mechanistic models (i.e. fractal analysis, the 
force balance approach, and mechanistic frequency) for calculating the nucleation site density 
and the bubble detachment diameter. In details, these mechanistic models are found to be mainly 
calculated using the fluid properties and some bubble mechanisms [1, 27]. Hence, by using them, 
a number of the calibrating constants could be reduced, unlike the empirical correlations. 
Nevertheless, only a few works have assessed their prediction accuracy.  
Following an exploration of unclarified behaviours of subcooled boiling flow, some 
experimental studies have suggested improving the mechanistic models by considering the 
essential physics of vapour behaviours. In order to improve the whole prediction of wall heat flux 
portioning using the mechanistic model, these individual sub-models, such as the departure 
diameter, nucleation site density, and bubble frequency, should be individually assessed. So far, 
there is no closure suitable for a wide range of flow conditions. After modifications by adopting 
the essential physics of vapour behaviours, the developed mechanistic approach must be 
validated under various flow conditions in experiments [76, 80].  
More importantly, there are many existing gaps that can be focused on in this research. For 
instance, there are no existing works that have attempted to investigate subcooled boiling flow in 
elevated and/or high-pressure conditions by using the mechanistic models. Practically, the 
calculations of the wall heat flux partitioning are directly affected by the fluid properties near the 
heated wall. Hence, employing the different working-fluid properties in the flow domain is 
another useful topic to explore. To confirm that the numerical modelling has reliability, 
especially in terms of the flow domain configurations, a validation study is therefore essential for 
each step of the code development.  
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Chapter 3                                                                         
Two-Fluid Model, Population Balance Model, and Original/Developed 
Mechanistic Wall Heat-Partitioning Approach 
 
3.1 Introduction 
This chapter describes the basic equations required to perform a simulation of subcooled 
boiling flow. In general, the Eulerian-Eulerian approach based on the two-fluid model is widely 
used in performing a numerical study of two-phase flow, for example, isothermal bubbly flow. 
Nevertheless, in order to introduce them for predicting the subcooled boiling flow, this two-fluid 
model has been modified to consider the interaction terms by adopting the additional sources at 
each of the equations. Basically, these interfacial terms are usually used to calculate the mass, 
momentum, and energy transfers at the interface between liquid and vapour, and their details are 
carefully described in this chapter. In addition, usually, the subcooled boiling flow is turbulent; 
hence, the details regarding the selected turbulent model are also detailed. 
For studying a bubbly flow, the Population Balance Method (PBM) must be incorporated 
with the two-fluid model for calculating bubble size distribution in the flow field. As mentioned 
by some researchers [57, 81], this method has a similar function to the popular model named the 
Interfacial Area Transport Equation (IATE). This is because they were both introduced to track 
the change in bubble size due to the bubble interaction mechanisms (i.e. coalescence and 
breakup) and condensation process. Furthermore, in this chapter, the details of selected kernels, 
which are used to find the bubble coalescence and break-up rates, are also described. These terms 
can be found using the PBM, as they are represented as the source and sink terms of the bubble 
evolution equation. 
As known, this subcooled boiling flow also involves heat and mass transfer, especially at 
the heated surface due to bubble nucleation. Thus, another wall-boiling model named the 
Rensselaer Polytechnic Institute (RPI) model is definitely required to calculate this liquid-vapour 
phase-change phenomena at the wall boundary. Actually, this algorithm has been detailed in the 
first chapter; however, as mentioned earlier, the existing one may be suitable for studying pool 
boiling only and not flow boiling. In recent studies [82], it was found that after the nucleation, the 
bubble usually slides on the heated surface for a certain distance before the lifting off. Therefore, 
in this work, modifications to the RPI model have been attempted.  
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Currently, this improved mechanistic heat partitioning model has been considered a 
phenomenon of bubble sliding before its departure, and the proposed mechanistic models have 
been used instead of the empirical correlations. The details regarding this developed algorithm 
and their mechanistic closures are given at the end of this chapter. 
 
3.2 Two-Fluid model  
Basically, the Computational Fluid Dynamics (CFD) method of two-phase flow systems 
relies on the Reynolds (ensemble) averaging technique. Their forms may be simple like the 
mixture model, and could be very complex like the two-fluid models, where the formula are 
separately solved for each individual phase [83-85]. For the subcooled boiling flow, the flow 
equations can physically be described based on the averaged formulas of continuity, momentum 
and energy governing of each phase. The gas and liquid can be represented as disperse phase (
g ) 
and , and continuum phase ( l ), respectively. Their ensemble-averaged equation may be written 
as shown in Equation 3.1 and Equation 3.2:  
3.2.1 Continuity equations 
- Gas phase: 
(3.1)
 
- Liquid phase: 
(3.2)
 
Where    is the density,    is the volume fraction,   u  is the velocity vector. The right term of 
the equations ( lg ) is involved in the calculation due to mass and heat transfers at the interfacial 
area (the condensation). The momentum equations of gas and liquid phases may be expressed as 
follows: 
 
 
  lgΓ ggg
gg
uαρ
t
αρ 
  lgΓ lllll uαρtαρ  fg lsat
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h
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3.2.2 Momentum equations 
- Gas phase: 
 (3.3)
 
- Liquid phase: 
 (3.4)
 
Where e
l
  is the effective viscosity of the liquid, and eg  is the effective viscosity of gas phases, 
respectively. These viscosity terms are calculated using the turbulence models which are 
normally required since forced convective sub-cooled boiling is turbulent in nature. The details 
of the turbulence model used in this study are described as follows.   
- Interfacial momentum forces 
The total interfacial force lg, FF gl  can be formulated by considering the different sub-
forces acting at the liquid and vapour interface including the drag, lift, wall lubrication, and 
turbulent dispersion forces as shown in Equation 3.3 and Equation 3.4. The details about these 
forces can be seen from the research work of Anglart and Nylund [86]. 
lglg
lub
lglglg
dispersionricationliftdrag FFFFF        (3.5)
The total interfacial force in Equation 3.4 is given by Fgl =  Flg and due to drag force, the 
inter-phase momentum transfer between gas and liquid is given by:  
)(
8
1lg lglgl
ifDdrag uuuuaCF    (3.6)
where the ifa  term represents Interfacial Area Concentration (IAC). For the lift force, it can be 
calculated based on the slip velocity and the curl of the liquid phase velocity and it can be seen as 
follows: 
  )(lg llgLlglift uuuCF    (3.7)
  gραPαuuαρ
t
uαρ llllllllll  
    Tllell uuμα   lglg Ful  
  gραPαuuαρ
t
uαρ gggggggggg  
    Tggegg uuμα   glg Fu  lg
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The wall lubrication force, which has a normal direction to the wall and decays with distance, can 
be expressed by: 
     
w
w
s
ww
s
w
lglglg
rication ny
DCC
D
nuuuuF 


  21
2
lg
lub
.
  
(3.8)
where sD  is the Mean Sauter Bubble Diameter. Turbulence induced dispersion value is based on 
the Favre-averaging which was developed by Burns [87] and it can be calculated using: 

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1lg  
(3.9)
 
where gt is the turbulent viscosity of the gas phase. In Equation 3.9, the coefficient TDC is set to 
a value of unity and cbS (the turbulent bubble Schmidt number) has a value of 0.9. 
According to Ishii [88], the drag coefficient DC  in Equation 3.6 and Equation 3.9 has 
been formulated for several distinct Reynolds number regions for individual bubbles.  In 
Equation 3.7, the constant LC  can be obtained from Tomiyama’s work [89] and actually this 
relationship that is calculated based on the function of Eotvos number ( Eo). The proposed 
function could allow positive and negative lift coefficients. Usually, this would depend on the 
bubble size, the effects of bubble deformation and asymmetric wake of the bubble as displayed as 
follows. Anyways, more details regarding the life force can be seen from the work of Hibiki and 
Ishii [90]. 
   
  3 2
min 0.288tanh 0.121 , < 4
 = 0.00105 0.0159 0.0204 + 0.474     4 10
0.29   
b d
L d d d d
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C f Eo Eo Eo Eo Eo
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       
  
 
(3.10) 
 
where the modified Eotvos number dEo  can be calculated as following: 
  2l g H
d
g D
Eo
 

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(3.11)
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which HD  is the maximum bubble horizontal dimension and it can be calculated by using the 
empirical correlation as following [91]:  
 1 30.7571 0.163H sD D Eo    (3.12)
The wall lubrication constants Cw1 and Cw2 in Equation 3.8 are taken to have values of –0.0064 
and 0.016 based on the suggestion by [92]. In Equation 3.9, the coefficient TDC is set to a value 
of unity and cbS  (the turbulent bubble Schmidt number) has a value of 0.9. 
- Turbulence models 
Because there is particularly no standard turbulence model recommended for gas-liquid 
flow, unlike single-phase fluid flow problem. Some numerical investigations have found that the 
standard k-ε model tends to predict an unrealistically high gas void fraction peak close to the 
wall. As mentioned by some researchers , the Shear Stress Transport (SST) model, which was 
developed by Menter [93], has been found to give more realistic prediction of gas volume 
fraction or void fraction close to the wall [94, 95]. As detailed, this model basically applies the 
two-equation k- model near the wall and the two-equation k- model in the bulk flow. Thus, in 
this study the SST model is preferably introduced. 
 As shown in Equation 3.13, effective viscosity ( le ) for the continuous phase is a 
combination of the laminar ( llam ), shear-induced turbulence ( lts ) and Sato’s bubble-induced 
turbulent viscosities ( ltd ): 
l
t
l l l l
e lam ts td

       
(3.13)
For the shear-induced turbulence term, it can be given by: 
 2l l l lts C k     (3.14)
Also, the bubble-induced turbulence can be calculated using: 
l l g g l
td p sC D   u u   (3.15)
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where the constants C and pC   have values of 0.09 and 1.2 respectively. For the gas phase, the 
turbulent viscosity can be expressed by: 
lg
g t
t l
g
    (3.16)
where g is the turbulent Prandtl number of the gas phase which has a value of unity. The 
effective gas viscosity ( ge ) of the gas phase is subsequently determined as gtglamge   .  
3.2.3 Energy equation of liquid phase 
Since the gas phase can be assumed to be at the saturated temperature situation, the 
calculating requirement of energy equation of gas phase can be ignored. The energy equation of 
liquid phase may be expressed as: 
(3.17)
- Interfacial energy terms 
(3.18)
From Equation 3.18, it uses to calculate the interfacial heat transfer ( lgQ ) term at the energy 
equation, and in this case it can represent as the heat transfer due to the condensation process. In 
order to calculate the heat transfer at the interface, the interfacial area term ( ifa ) is also 
necessary, based on the bubble mean diameter ( sD ) and gas void fraction ( g ), this value can be 
gained. 
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3.3 Population Balance Method (PBM) 
Generally, five different types of bubbles can be found in most gas-liquid flow systems, i.e. 
i) spherical, ii) distorted, iii) cap, iv) Taylor and v) chum-turbulent. With regards to the physical 
view of the transport mechanisms, these bubbles can be classified into two main groups: Group-1 
consists of spherical and distorted bubbles, while Group-2 consists of the cap, Taylor and chum-
turbulent bubbles [96].   


 gDd 4max,  (3.19)


 gD 40max  (3.20)
Equation 3.19 and Equation 3.20 are used to calculated the boundary bubble sizes (given 
by Ishii and Zuber [88]), Goup-1 bubbles appear in the limits of the range for minimum bubble 
size to maximum distorted bubble size max,dD , whereas Group-2 bubbles appear in the limits of 
the range for max,dD  to the maximum bubble size, maxD , where  is surface tension, g  is 
gravitational acceleration and   is density difference respectively. 
 
 
 
Figure 3.1  Schematic illustrations of the interactions between the two bubble groups: 
coalescence mechanisms (top) and breakup mechanisms (bottom) [97, 98]. 
 42 
 
Due to the fact there are variations in the shape and size, each bubble group can represent a 
difference in the transport mechanisms with regard to the results of the drag force and interaction 
mechanisms [88, 99]. As shown in Figure 3.1, because of the turbulent impact mechanism, 
Group-1 and Group-2 bubbles may break up into smaller bubbles. Similarly, Group-1 and  
Group-2 bubbles may increase their sizes due to the random collision and wake entrainment 
mechanisms [97]. Interchanging between these two groups usually happens as well. For example, 
by entering the wake region of a leading cap, spherical bubbles may accelerate and collide and 
merge with the leading bubble to become bigger bubbles (see Figure 3.1). More details regarding 
the bubble interaction mechanisms can be found in the work of Hibiki and Ishii [98].   
Anyway, in order to determine the local interfacial area concentration (IAC) or bubble 
sauter mean diameter (SMD) in the gas-liquid flow system, a number of numerical models have 
been proposed over the past decades. For instance, the method that uses the interfacial area 
transport equation (IATE) has been continuously developed in order to improve prediction 
accuracy in determining the bubble interaction mechanism’s terms [5, 98-101]. Similarly, 
Population Balance Method (PBM) has been proposed and widely used and incorporated with the 
multi-fluid modelling framework to calculate the bubble interaction terms due to the coalescence 
and break-up mechanisms in the subcooled boiling flow.  
According to previous numerical studies by our research group [102], the performances of 
different PBMs, such as the Direct Quadrature Method of Moments (DQMOM)  [102-105], 
Average Bubble Number Density (ABND) model [94, 106], and homogeneous MUlti-SIze-
Group (MUSIG) model [107], have been investigated. As a result [104], the results show that 
DQMOM has performed rather well (when compared to the ABND and MUSIG models) in 
capturing the essential two-phase flow structures within the medium- and large-sized vertical 
pipes. Furthermore, it is also suggested that the models for bubble coalescence, break-up and 
interfacial forces need to be improved because of the swarm of bubbles.  
        Hence, in this numerical study it was considered that the homogeneous MUSIG model, 
originally developed by Lo [107], should be employed to account for a non-uniform bubble size 
distribution. Using this model, the bubbles can be divided into a number of classes of equal 
diameter, and each class travels at the same velocity. It should be noted that the selected MUSIG 
model is currently capable of predicting the size distribution of Group-1 bubbles; hence this may 
cause a difference in predictions of the bubble sizes when compared with the experimental data 
for Group-2 bubbles found in the flow system.      
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3.3.1 Equation of bubble classes  
According to Kumar et al. [108, 109], the discrete form of the number density equation, 
which are expressed in terms of size fraction fi of each bubble size group, can be written as 
Equation 3.21: 
  iphiijjijgijj RmSuft f )(,    (3.21)
The source term ( ijS , ) of this equation are the birth and dead rates of the bubbles caused by 
the coalescence and breakage mechanisms. For the second term (
phR ), it is the source rate due to 
phase change, and in this case it represents the mass transfer due to the condensation. 
In detail, the interaction term BCBCij DDBBS ,  contains the source rates of CB , BB ,
CD  and BD , which are the birth rates due to coalescence ( CB ) and break-up ( DB ) and the death 
rates to coalescence ( CD ) and break-up ( BD ) of bubbles respectively. On the basis of the discrete 
approximation given in Equation 3.21, the birth and death rates can be formulated according to:  
    
k l
lk
lk
lk
lk
g
j
g
jC MMaMM
MMffB ,
2
12  
(3.22)
   
k
ki
k
ki
g
j
g
jC MMaM
ffD ,12  
(3.23)
  k
k
ik
g
j
g
jB fMMrB  ,  
(3.24)
 
k
kii
g
j
g
jB MMrfD ,  
(3.25)
For the discretised contribution of the birth rate due to coalescence, it may be necessary to 
introduce the coalescence mass matrix as the fraction of mass due to coalescence between the kth 
bubble classes at which goes into the ith bubble classes. Defining the coalescence mass matrix as: 

 
otherwise
MMMif ilk
kli 0
1  
(3.26)
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The birth rate due to coalescence is accordingly modified by multiplying the above matrix kli  
into Equation 3.22. 
3.3.2 Bubble interaction models 
Due to the availability of the kernels in ANSYS CFX 14.5, thus the coalescence rate 
proposed by Prince and Blanch [110],  and the break-up rate proposed by Luo and Svendsen 
[111], have been adopted for the PBM source term calculations in this work. However, to gain a 
more understanding about the bubble interaction phenomena, some useful explanations of the 
well-known models are essentially focused to be reviewed in this section. Hopefully, the effects 
from different bubble interaction models when applying for the subcooled boiling flow 
simulation can be attended after the validation study and eventually the performance from using 
them can be evaluated in the future work. 
3.3.2.1 Coalescence kernels 
- Prince & Blanch (1990)  
In Prince and Blanch model, turbulent random collision is considered as a majority 
influence for the coalescence of vapour bubbles [110]. As mentioned, basically a coalescence 
process in turbulent flows can be described in three steps as shown in Figure 3.2.  
 
 
Figure 3.2   Bubble coalescence in turbulent flow [112]. 
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First, the bubbles trap small amount of liquid between them. Second, the liquid drains out 
until the liquid film thickness reaches a critical thickness. Third, the bubbles rupture and coalesce 
together. The coalescence rate of bubbles is formulated based on the collision rate of bubbles and 
the probability at which collision will result in coalescence. The coalescence rate in terms of 
mass may be expressed as shown in Equation 3.27: 
   0.52 2 2, exp4 iji j i j ti tj ij
t
a M M d d u u 
          
 
(3.27)
 
  3
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ij
d  

      and      flijij hhdt 02
1
3
ln162 


 

     
 
(3.28)
 
where ij  is the contact time for the two bubbles and the ijt  term is the time needed while 
coalescing to have diameters di and dj. As shown, the contact time and coalescence time can be 
obtained by Equation 3.28. The equivalent diameter ijd  is calculated based on the proposal by 
[113]:   12 / 2 /ij i jd d d   . Also, the initial film thickness oh  = 4101   m and critical film 
thickness fh  = 
8101  m at which a rupture occurs for air-water systems employed. The 
turbulent velocity ( tu ) in the inertial sub-range of isotropic turbulence is calculated by 
 1/3 1/32 ltu d . 
- Coulaloglou & Tavlarides (1977)  
This model was developed based on an assumption that the coalescence rate is proportional 
to the collision rate times and the coalescence frequency [114].  Also, in this kernel the random 
motion induced collisions is considered as primary source for bubble coalescence. According to 
the kinetic gas theory of Kennard (1938), the collision frequency term was defined as the 
effective volume swept away by the moving particle per unit time.  
Because only a fraction of collisions lead to coalescence, thus incorporating the 
coalescence efficiency is required to determine the coalescence rate. Moreover, this developed 
coalescence model was incooperated the film drainage model for deformable particle with 
immobile surface [114, 115]. 
 46 
 
݄൫ܯ௜,ܯ௝൯ ൌ ߨ4 ൫ܦ௜ ൅ ܦ௝൯
ଶ൫ݑ௧௜ଶ ൅ ݑ௧௝ଶ൯
ଵ ଶൗ  
(3.29)
 
ߣ൫ܯ௜,ܯ௝൯ ൌ ݁ݔ݌ ൥െܥ஼&் ൈ ߤ௟ߩ௟߳ߪଶ ቆ
݀௜ ௝݀
݀௜ ൅ ௝݀ቇ
ସ
൩ (3.30)
 
By fitting the experimental curve, the coalescence efficiency parameter (ܥ஼&்) in Equation 3.30 
was found at	0.183 ൈ 10ଵ଴ܿ݉ିଶ. The coalescence frequency can be directly calculated from the 
collision frequency and the coalescence efficiency. 
ܽ൫ܯ௜,ܯ௝൯ ൌ ݄൫ܯ௜,ܯ௝൯ߣ൫ܯ௜,ܯ௝൯  (3.31)
 
- Lehr et al. (2002) 
Typically, the coalescence frequency of this proposed model was formulated by using the 
critical approach velocity model [116]. According to the experimental investigation, the criterion 
of collision between two bubbles resulting in coalescence or bouncing was determined. As seen 
from the experiment, the colliding bubbles can be a merging or a bouncing back and this depends 
on the relative approach velocity perpendicular to the surface of contact.  
As concluded, the critical approach velocity (ݑ௖௥௜௧௜௖௔௟) for distilled water and air was found 
at 0.08 m/s and this critical velocity was defined as the maximum velocity of bubbles resulting in 
coalescence. Also, it should be noted that this value of velocity has no dependency in term of the 
bubble sizes. Resulting in coalescence after collisions only happens if the relative approach 
velocity of bubbles is perpendicular to the surface of contact and lowers than the critical 
approach velocity. The coalescence rate function of this model is presented as follows. 
ܽ൫ܯ௜,ܯ௝൯ ൌ ߨ4 ൫ܦ௜ ൅ ܦ௝൯
ଶ݉݅݊ሺݑᇱ, ݑ௖௥௜௧௜௖௔௟ሻ݁ݔ݌ ൦െቌߙ௠௔௫
ଵ ଷൗ
ߙଵ ଷൗ െ 1ቍ
ଶ
൪ , ߙ௠௔௫ ൌ 0.6 
(3.32)
 
The velocity (ݑᇱ) is calculated from the turbulent eddy velocity together with the similar length 
scale of the bubbles. To have an efficient impact while colliding, the turbulent eddies around 
bubbles should have a demanded energy. So that, the large eddies, characteristic velocity was 
specified based on a difference in the rise velocities and their values can be expressed as shown 
below, 
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ݑᇱ ൌ ݉ܽݔ ቆ√2ߝଵ ଷൗ ට݀௜ଶ ଷൗ ൅ ௝݀ଶ ଷൗ , หݑపഥ െ ݑఫഥ หቇ 
(3.33)
 
 
3.3.2.2 Breakup kernels 
- Luo & Svenden (1996)  
Physically, the Luo and Svenden’s break-up rate was formulated from an assumption of 
bubble binary break-up under isotropic turbulence situation [111]. By considering the energy 
level of arriving eddy with smaller or equal length scale compared to the bubble diameter, the 
breakup rate can be calculated. The illustrated bubble breakage based on the idea of Luo and 
Svenden can be seen from Figure 3.3. 
 
In this model, the daughter size distribution can be calculated using a stochastic break-up 
volume fraction BVf . It should be noted that the increase coefficient of surface area is                      fC  
= [ 3/2BVf +(1- BVf )
2/3-1],  the break-up rate in terms of mass can be obtained as: 
ݎ൫ܯ௜,ܯ௝൯ ൌ ܥሺ1 െ ߙ௚ሻ ቆ ߝ௝݀ቇ
ଵ ଷൗ
න ሺ1 ൅ ߦሻ
ଶ
ߦଵଵ ଷൗ exp ሺെ
12ܥ௙ߪ
ߚߩ௙ߝଶ ଷൗ ݀௜ହ ଷൗ ߦଵ ଷൗ
ሻ݀ߦ
ଵ
క೘೔೙
 (3.34)
 
 
 
Figure 3.3   Breakup model illustration [112]. 
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where jd/  is the size ratio between an eddy and a bubble in the inertial sub-range and 
consequently jd/minmin   and C = 0.923 and β = 2.0 are determined from fundamental 
consideration of the break-up of drops or bubbles in turbulent dispersion systems. Equation 3.34 
can either be calculated analytically via incomplete gamma functions suggested by Selma et al. 
[117] or determined numerically via Boole’s rule (4th order approximation).  
For binary breakage, the value of the dimensionless variable describing breakage volume 
fraction is between 0 and 1 (0 <	 ஻݂௏<1). Generally,  ஻݂௏ ൌ 0.5  refers to equal breakage and 
஻݂௏ ൌ 0	݋ݎ	1  would refer to no breakage. From Equation 3.35, ݎ൫ܯ௜,ܯ௝൯ represents the 
breakage rate of bubble with mass of ܯ௜ into fraction of ஻݂௏ and ஻݂௏ ൅ ݀ ஻݂௏ for a continuous ஻݂௏ 
function. The total breakage rate of bubbles can be obtained by integrating the equation over the 
whole interval of 0 to 1. The total breakage rate can be obtained as, 
ݎሺܯ௜ሻ ൌ 12න ݎ൫ܯ௜,ܯ௝൯
ଵ
଴
݀ ஻݂௏ (3.35)
Since this model can provide the partial breakage rate, ݎ൫ܯ௜,ܯ௝൯ directly, the daughter 
bubble size distribution for mother bubbles with size fraction of ஻݂௏ can be derived by 
normalizing the partial breakup rate, ݎ൫ܯ௜,ܯ௝൯ by the total breakup rate, ݎሺܯ௜ሻ as shown in 
Equation 3.36. 
ߚሺ ஻݂௏, 1ሻ ൌ ݎ൫ܯ௜,ܯ௝൯ݎሺܯ௜ሻ ൌ
2׬ ሺ1 ൅ ߦሻ
ଶ
ߦଵଵ ଷൗ exp ሺെ
12ܥ௙ߪ
ߚߩ௙ߝଶ ଷൗ ݀௜ହ ଷൗ ߦଵ ଷൗ
ሻ݀ߦଵక೘೔೙
׬ ׬ ሺ1 ൅ ߦሻଶߦଵଵ ଷൗ exp	ሺെ
12ܥ௙ߪ
ߚߩ௙ߝଶ ଷൗ ݀௜ହ ଷൗ ߦଵ ଷൗ
ሻ݀ߦଵక೘೔೙ ݀ ஻݂௏
ଵ
଴
 
 
(3.36)
 
 
- Wang et al. (2003) 
In addition to Luo and Svendsen model (1996) which used only the energy constraint, 
Wang et al. (2003) extended the model by adding the capillary constraint to calculate the 
breakage [118]. According to this model, the dynamic pressure of the turbulent eddy is always 
higher than the capillary pressure and the eddy kinetic energy is always larger than the increase 
of the surface energy. Hence, the minimum breakup fraction and maximum breakup can be 
calculated. Also, as no adjustable parameter is required, it could be an advantage of this model. 
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Thus, it can provide the daughter size distribution directly by normalizing the partial breakup 
frequency by the total frequency.  
r൫M୧,M୨൯ ൌ 0.923ሺ1 െ αୢሻnϵଵ ଷൗ න Pୠ
ୢ౟
λౣ౟౤
ሺf୆୚|d୧, λሻ ሺλ൅ dሻ
ଶ
λଵଵ ଷൗ
dλ (3.37)
 
As mentioned, the minimum eddy size, λ୫୧୬ should be between 11.4 and 31.4 times the 
Kolmogorov length scale (Tennekes & Lumley, 1973). Furthermore, the probability density for 
bubble of size d୧ breaking into breakup fraction of f୆୚ can be calculated by, 
Pୠሺf୆୚|d୧, λሻ ൌ න 1f୆୚,୫ୟ୶ െ f୆୚,୫୧୬
1
eതሺλሻ
∞
଴
expቆെeሺλሻeതሺλሻቇ deሺλሻ 
 
(3.38) 
where eതሺλሻ is the mean kinetic energy of eddies. The total breakup rate can be obtained by, 
rሺM୧ሻ ൌ න r൫M୧,M୨൯
଴.ହ
଴
df୆୚ (3.39)
The daughter bubble size distribution can be described as,  
ߚሺ ஻݂௏, 1ሻ ൌ
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1
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ଵ
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(3.40)
It should be noted that the breakup of bubbles could be occurred only provided that the 
dynamic pressure of approaching turbulent eddy is over the capillary pressure of bubbles. Hence, 
the daughter size distribution function would disperse because the breakup fraction f୆୚ 
approaches zero. Due to the fact that a smaller bubble with radius of curvature tends to zero 
characterized by higher capillary pressure and thus it is unlikely to break a very small bubble.  
Also, they mentioned about the local minimum probability exists for equal breakup because 
of requiring a more energy than a binary unequal breakup. Usually, the daughter size distribution 
is dominated by mother bubble size and its energy dissipation rate. General speaking, this model 
was developed based on the premise that the distribution should not have any singularity point or 
any uncertain parameter. 
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- Martinez-Bazan et al. (1999) 
Martinez’s model was developed by assuming that bubble breaking of a bubble could 
happen only when the turbulent kinetic energy in the continuous phase is higher the critical value 
[119, 120]. As postulated, the rate of breakup processes is proportional to the difference between 
the deformation forces τ୲ሺd୧ሻ per unit surface produced by the turbulent stress and the surface 
restoring pressure of the bubble, τୱሺd୧ሻ. However, whenτ୲ሺd୧ሻ ൐ τୱሺd୧ሻ , the bubble will deform 
and eventually break. This bubble breakup frequency can be formed by using bubble sizes and 
the turbulent dissipation rate as follows, 
ݎሺܯ௜ሻ ൌ ܭ௚
ටܥெ஻ሺߝ݀௜ሻଶ ଷ⁄ െ 12 ߪߩ௙݀௜
݀௜  
(3.41)
 
In Equation 3.41, the value of Kg is found at 0.25 and CMB =8.2, (Batchelor [121]). The 
size d୫୧୬ ൏ ݀୨ ൏ ݀୧ can be weighted by considering the difference in the stresses, ∆τଵ ൌ
ଵ
ଶ ρC୑୆ሺεd୨ሻଶ ଷ⁄ െ 6
஢
ୢ౟. Also, the formation of the complementary bubble of size	൫d୧
ଷ െ d୨ଷ൯ଵ ଷ⁄ , 
involves the difference in stresses, 	∆τଶ ൌ ଵଶ ρC୑୆ሺε	൫d୧ଷ െ d୨ଷ൯
ଵ ଷ⁄ ሻଶ ଷ⁄ െ 6 ஢ୢ౟. As a result, the 
probability of the formation of a pair of bubbles shall be the product of those two mentioned 
stresses.  
௕ܲ൫ ௜ܸ , ௝ܸ൯ ൌ 1௜ܸ ൈ ൤
1
2 ߩܥெ஻ሺߝ ௝݀ሻ
ଶ ଷ⁄ െ 6 ߪ݀௜൨ ൈ ൤
1
2 ߩܥெ஻ሺߝ ൫݀௜
ଷ െ ௝݀ଷ൯ଵ ଷ⁄ ሻଶ ଷ⁄ െ 6 ߪ݀௜൨ 
(3.42)
 
In this model, the dimensionless daughter bubble size distribution can be obtained by 
normalizing the probability density function, ׬ Pୠ൫V୧, V୨൯d୚౟଴ V୨ ൌ 1 and the daughter bubble size 
distribution (see Equation 3.43) can be defined as follows, 
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(3.43)
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3.4  The original/developed mechanistic wall heat partitioning algorithm and its closures 
In this section, the original wall heat partitioning model proposed by Yeoh et al. will first 
be presented. As shown in some validation studies, compared with experimental works, it has 
been concluded that this original model may be suitable for studying the subcooled boiling flow 
at low pressure under a certain range of flow operations. Nevertheless, it should be noted that this 
model has not yet considered the merging of bubbles through the sliding motion and a 
condensation at the bubble tips.  
A simple structure of this original wall heat partitioning model can be seen from Equation 
3.44. As can be noticed, the difference between the original RPI model (Equation 1.1) and this 
improved heat flux partitioning model is the quenching term, which is currently considered due 
to the transient heat conductions occurring during the sliding ( tcslQ ) and the stationary position    
( tcQ ) before moving from the inception point.  
 
- The Original Mechanistic Algorithm 
The transient conduction (quenching) heat flux ( tcQ ) for a stationary bubble can be 
calculated using Equation 3.45 and the transient conduction that takes place during the sliding 
phase and the area occupied by the sliding bubble can also be calculated using Equation 3.46, 
shown as follows:  
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(3.45) 
ectcsltcWall QQQQQ    (3.44)
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(3.46) 
 
As earlier mentioned, the essential physics – including the condition of bubble sliding, the 
merging during sliding and the situation of merging without sliding – have been embedded into 
our original mechanistic algorithm. Further information about these mechanism considerations is 
given in Figure 3.4. 
- The Developed Mechanistic Algorithm 
 
ectcsltcstWall QQQQQ   (3.47)
 
Basically, the code developments have been done by modifying the terms at the transient 
conduction calculation, especially the stationary term ( tcstQ ) (see Equation 3.44 and Equation 
3.47). Currently, the bubble stationary diameter ( stD ) can be the values of the departure diameter 
( slD ) if the sliding has happened; otherwise, the lift-off diameter is introduced as a result of 
having no sliding. 
Also, in this circumstance, the calculation of Equation 3.46 is definitely not proceeded 
because sliding distance ( sl ) and sliding time ( st ) are both represented at zero. Moreover, the 
nucleation site distance ( s ) may be used to replace the lift-off diameter ( lD ) in case of a merging 
occurrence without sliding. Actually, this phenomenon consideration may be similar with Basu’s 
works [60]. It should be noted that for the heat transfer component due to the sliding period, 
Equation 3.46 remains to be used as the original approach. Nevertheless, after the development, 
the formula of the heat transfer component due to the stationary period (Equation 3.45) is 
replaced by Equation 3.48 as follows: 
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(3.48) 
 
During the RPI algorithm calculation in ANSYS CFX code, the numerical integration is 
performed via Simpson’s rule to obtain the components of wall heat flux, explained by the flow 
chart in Figure 3.4. More details regarding this original model can be found from Yeoh’s paper 
[1]. 
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Figure 3.4 Flow chart of heat partitioning procedure to determine the heat flux components from 
the improved heat flux partitioning model [1]. 
 
3.4.1 Fractal analysis model  
Basically, this mechanistic model considers the nucleation site density based on a power 
correlation of the active cavities on heated surface. As shown in Equations 3.49-3.52, the 
superheat (
supT ) and sub-cooling ( subT ) temperatures and other liquid properties, for example, 
thermal boundary thickness ( l ), are mainly participated in the calculation.  
max,min,
max,
ccc
d
c
c
a DDDD
D
N
f



  
 
(3.49) 
 55 
 









)(
4
2
sup
3
2
supsup
1
min, T
C
T
T
T
T
C
D
subsub
l
c 

 
(3.50) 









)(
4
2
sup
3
2
supsup
1
max, T
C
T
T
T
T
C
D
subsub
l
c 

 
(3.51) 
min,
max,
2
min,
max,
ln
2
1ln
c
c
c
c
f
D
D
D
D
d








  (3.52) 
From the above equations, max,cD and min,cD  are the maximum and minimum of active 
cavity diameter. The fd  term represents the area fractal dimension (1< fd <2) and   is the 
contact angle of the fluid on the heated wall. Where fggsat hT  /2 , 
 sin/)cos1(1C  and  cos13C . Further details regarding the fractal analysis can 
be found from Yun et al. [68]. 
3.4.2 Force balance method 
For the bubble lift-off diameter ( lD ) calculation, the force balance approach, formulated by 
Klausner et. al [75] and Zeng et. al [122], are introduced in this study. All the forces acting at the 
vapor bubbles are depicted in Figure 3.5. The equations used for calculating the bubble diameter 
are shown in Equation 3.53 and Equation 3.54.  
In general, the bubble lift-off diameter ( lD ) can be obtained when a summation of the 
forces involved in the x-direction (perpendicular to the wall) is equal to zero    0xF . 
Similarly, for the y-direction, several forces are involved in calculating a size of the sliding 
bubble ( slD ).This sliding diameter can be obtained when the summation of forces reach a zero
   0yF  and this value is required for the bubble influence area calculation at the quenching 
heat flux term.  
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a.  b. Lift-off  
 
c. Sliding before Lift-off 
 
 
  yx FF       
 
  xy FF   
d. Sliding and Merging 
before Lift-off 
e. Merging before Lift-off  
  
  xy FF   
and 
sLs   
 
slDs   
(Too many active cavity sites) 
Figure 3.5 Forces acting on nucleated bubble at the active cavity site (a) [123] and the possible 
bubble interactions occurred on the heated wall (b-e). 
 
From Figure 3.5(b-e), the possible situations of the bubbles moving away from the active 
sites are illustrated. At the present work, the summations of the resultant forces are used to be 
decided the sliding condition. From Figure 3.5(b), the vapour bubble can lift-off from the site 
after reaching a certain diameter providing that the summation of forces in x-direction is higher 
than the resultant forces in y-direction (   yx FF  ).   Otherwise, the bubble may slide on 
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the wall following the flow direction for a certain distance before the departure (see Figure 
3.5(c)). 
Actually, this physical consideration may be similarly with the recent work of Mazzocco 
[124]. In case of merging while sliding, currently, it was assumed that there has only two bubble 
merging. Hence, the distance ( s ) between the nucleation sites are used to replace the sliding 
distance ( sl ) in the Equation 3.48. In case of having very wall temperature, the situation of the 
merging without sliding is possibly found and this phenomenon is illustrated in Figure 3.5(e). 
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Where sysx FF ,  are the surface tension forces and duydux FF ,  are  the unsteady drag forces 
due to asymmetrical growth of  the bubble. The  sLF   term is the shear lift force and hF  is the 
force due to the hydrodynamic pressure. The cpF term is the contact pressure force accounting for 
the bubble being in contact with a solid; qsF  is the quasi steady-drag force in the flow direction 
and lastly bF  is the buoyancy force.  
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Also, a , r and i  are the advancing, receding and inclination angles, respectively; wd  is 
surface/bubble contact diameter; g is gravitational acceleration; r  is the bubble radius and U  
is the relative velocity between bubble and the liquid; DC and LC are drag and lift force 
coefficients, respectively; and their formula has been found in Klausner’s work [75].  
3.4.3 Mechanistic frequency model 
In this study, the bubble frequency term ( f ) was calculated using a mechanistic approach 
proposed by Yeoh et al [1]. Actually, this frequency term is formulated by considering a life 
cycle of vapor bubble generation at the active cavity site as shown in Equation 3.55. By 
substituting the waiting time and the growth time, the formula for bubble lift-off frequency can 
be obtained as follow:   
gw tt
f 
1
 (3.55)
The consuming time after the departure of a vapor bubble from the cavity site and just 
before the regeneration of a new vapor bubble (waiting time or superheating time) can be 
estimated by using Hsu’s criteria, and it can be expressed as shown in Equation 3.56. 
For the term of the growth time ( gt ), it can be examined by adopting the sliding diameter   
( slD ) into Equation 3.57. Where Ja is represented as a Jacob number and it may be estimated 
from the Equation 3.57.   
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Where supT  is the wall superheat and subT  is the sub-cooled temperature;  sin/)cos1(1 C  and 
sin/12 C , cr  is the cavity radius; and   is the liquid thermal diffusivity. For further details 
regarding the equation, it can be found from Yeoh et al. [22].  
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3.5  Overview of the numerical method 
In general, the non-linear, partial differential equations for subcooled boiling flow cannot 
be solved using an analytical method. To predict this kind of flow, discretised equations for each 
control volume (the finite volume method [FVM]) are used to represent flow characteristics. In 
the current work, a CFD program, named ANSYS CFX 14.5, was used to conduct the numerical 
investigations. Overall, the general procedure for the numerical method to solve these discretised 
equations can be briefly summarised as follows: 
 Step I: Discretisation - Basically, the flow field space is discretised by dividing it into 
control volumes. In these simulations, hexahedral and tetrahedral are the main volume types 
used. By integrating the control volume, the calculation of the variables of interest (φ) at the cell 
face can be achieved using conservative criteria. Subsequently, convective and diffusive fluxes 
can be determined. Later, the value of each variable (φ) at the cell centre may be interpolated. So 
far, a number of different interpolation schemes have been proposed and are available for use in 
commercial programs (for example, First-Order Upwind, Second-Order Upwind, Second-Order 
Central, and Quadratic Upstream Interpolation Convective Kinetics [QUICK]) [125, 126]. The 
choice of scheme for calculation of a variable is dependent on the alignment of the grid in the 
flow field calculation (among other factors). Clearly, using higher-order schemes may result in 
better accuracy. However, it should be noted that this can also lead to an unstable calculation 
(divergence). Details of the available schemes can be found in the manual for the CFD program 
[127]. 
Step II: Solver - Based on the structured grid system, the discretised equations can be 
solved by applying the enhanced line iterative method to the line Gauss-Seidel (LGS) method. 
By employing the Tri-Diagonal Matrix Algorithm (TDMA), the flow equations for each variable 
along one line of control volumes can be determined [128]. The calculation continues with the 
next line of control volumes by using the latest boundary values [129]. In our simulation works, 
by utilising the wall boiling algorithm (RPI) [29] and the proposed mechanistic models [1, 68, 
75] at the heated wall boundary, the components of heat flux for the heated wall can be 
calculated. These heat components are actually coupled with the flow domain calculation as the 
source terms for the boundary conditions. As mentioned earlier, the PBM is essentially needed to 
track bubble size distribution. Also, an improvement in prediction accuracy can be gained by 
performing a grid independence study.  
 During the solving stage, it starts with an initial guess and normally an iterative approach is 
used to calculate each of the coupled flow field variables separately. Usually, the calculation of 
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flow variables may be complicated by the pressure field (a pressure term in the momentum 
equation), since this cannot be calculated using a separate equation. A procedure named the 
Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) for a simple single-phase flow 
has been proposed by Patankar and Spalding [130], and is widely used to calculate pressure fields 
using the continuity equation [131]. This algorithm allows the continuity equation to be used as a 
pressure correction equation. By applying the corrected pressure, the velocity component values 
can be subsequently corrected. Afterwards, the other coupled variables, including temperature 
and turbulent quantities can finally be determined. It should be noted that the corrected pressure 
is then recalculated, and the SIMPLE algorithm is normally repeated until convergence is 
achieved.  
 Usually, the flow variables of interest are those from the centre of each control volume. To 
obtain the pressure value at the face, a linear interpolation procedure is applied. In the current 
example, it was possible to prevent an oscillatory pressure field without the application of a 
staggered grid [132]. In cases where there is a large pressure gradient, as well as large buoyant 
forces, the discretisation (control volume size) should be refined. In certain circumstances, a 
staggered grid may be needed for the pressure calculation at the cell face. Also, to prevent an 
oscillatory solution, a momentum-weighted average may be adopted during the calculation of the 
continuity equation [133]. Nevertheless, when employing this algorithm to handle a strong 
coupling of velocity and pressure in multiphase flow situations, an extended version of SIMPLE, 
named the InterPhase Slip Algorithm (IPSA), is normally introduced. Further details of this 
popular algorithm can be found in well-known CFD books [134, 135].  
 Step III: Convergence - Due to the problem of non-linearity, the changes to the variable 
during the iterative process are usually controlled by relaxation factors. Several criteria can be 
adopted to signal a state of convergence; for instance, the mass, momentum, and heat of the 
control volumes should be conserved and balanced. In other words, with each iterative number 
increased the residuals of the discretised equations should decrease steadily. For a state of 
convergence to be achieved, the change to the value of a variable of interest (residual) between 
two iterations should reach a (specified) minimal value [136].  
 It should be noted that specific details regarding the numerical work, for instance, the 
general modelling set-up, mesh size, and residual values, can be found in sections relating to 
numerical details in the following chapters. 
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Chapter 4                                                                       
CFD Modelling of Subcooled Boiling Flow at Low Pressure:                            
Validation Study using Mechanistic Wall Heat-Flux Partitioning Approach               
with Constant and Wet-Steam Fluid Materials 
 
4.1 Introduction 
The subcooled boiling phenomenon is usually found within two-phase thermal systems 
such as nuclear reactors, boilers, and heat exchanger applications. As a ground requirement for 
safety and efficiency in operations, fundamental knowledge and in-depth understanding of the 
sophisticated heat and mass transfer processes are necessary. In recent decades, the complexities 
of pool boiling and flow boiling have been investigated through a number of experimental works. 
In particular, the bubble characteristics, including the growth, the lift-off at the heated surface, 
and its condensation in bulk liquid, as well as the influence of the local fluid temperature, 
velocities of liquid and vapour, and bubble size distribution, have been observed and measured 
[21, 22, 58, 60, 137, 138]. Subsequently, many empirical correlations have been formulated and 
the resultant data have been used to advance the development of proposed numerical methods 
[29, 47, 51, 139-142].  
Based on physical and mechanistic views, the size and frequency of bubbles generated at 
the heated rod surface can be used to explain how quickly the latent heat is transferred from the 
heated surface into the bulk liquid. Hence, these bubble parameters are usually involved in 
determining the wall heat flux partitions, including convective, conductive (quenching), and 
evapourative heat fluxes. In brief, the bubble nucleation sites, the departure diameters, the growth 
rates (frequency), and the waiting times are the main parameters considered to find the heat flux 
components. A number of proposed models have been developed and adopted into 
Computational Fluid Dynamics (CFD) codes for predicting the nuclear system and boiling 
applications [24, 25, 143].  
The Rensselaer Polytechnic Institute (RPI) algorithm is available in many commercial 
CFD programs in order to dissipate the heat supplies at the wall into the bulk liquid domain, as 
proposed by Kurul et al. [29]. However, the availability of the sub-models for calculating the 
bubble parameters is currently linked with the use of some empirical correlations only. After 
reviewing the published literature, it has been found that those available models are mostly 
suitable for predicting the pool boiling situations [60], [29]. The capabilities of some available 
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empirical correlations in predicting the subcooled boiling flow at low pressure and for a wide 
range of heat and mass fluxes can be found in Cheung’s work [27], along with some limitations 
of using them. To handle the complexity of the flow boiling, many researchers have recently 
studied and developed the individual mechanistic models based on physical bubble behaviours, 
for instance, a sliding before lift-off, coalescence with neighbours to later become a mushroom 
bubble, and a reduction of the size while attaching to the wall due to its exposure to a cooler bulk 
liquid [61, 75, 76, 123, 138, 144-148]. 
To the author’s knowledge, there is no existing combination of empirical correlations that 
is able to predict a wide range of flow boiling conditions. In addition, as mentioned by Warrier 
[42], using the correlation without the physical mechanisms of bubbles could also sometimes 
lead to a significant difference between the prediction and experimental data. Recently, our group 
investigated a combination of recently developed mechanistic models to study the boiling flow at 
low and elevated pressures. However, due to instability issues, the material employed in these 
works was a constant-property liquid [1, 149], which does not represent the actual properties of 
the subcooled liquid.  
Normally, to obtain the accurate bubble parameters for further calculations of the mass and 
heat transfers from the heated wall, the local fluid thermal and transport properties near the 
heated surface, including saturation temperature, liquid temperature, liquid density, and sensible 
and latent heats, are crucial factors [150]. To avoid a possible instability problem, the constant-
property liquid is frequently used in simulations. However, in reality, having varied pressures and 
saturation temperatures in the flow domain could impact on the calculations of the coupled 
resultant terms at the wall boiling algorithm (such as the superheating temperature). This kind of 
variation in thermophysical properties can sometimes be difficult to model. In addition, the 
locally realistic properties of the fluids can also influence bubble interaction mechanisms, i.e. 
breakup, coalescence [111], [110], and the condensation [147]. Consequently, through 
consideration of real fluid properties, a more precise prediction of vapour bubble size and its 
distribution could be expected.  
In this study, the mechanistic model consisted of the fractal analysis [68], the force balance 
method [75], and mechanistic frequency model [22], which was adopted for predicting the 
nucleation site density, bubble departure diameter, and bubble departure frequency. During the 
model implementation, this mechanistic model has been preliminarily investigated [35] and the 
numerical work was presented at the 2016 International Conference of Mechanical Engineering 
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(ICME_2006, LONDON). Afterward, the paper was selected to be published in Lecture Notes in 
Engineering and Computer Science (2016, 2224: pp.1067-1075, see Appendix). Later, the 
characteristics of subcooled boiling flow at low pressure through employing a material that could 
accommodate variable properties that depend on pressure were precisely investigated. The 
performance when using the Wet-Steam properties and the constant-property liquid in the 
modelling were also compared. The data from Lee’s [2] and Yun’s experimental works [3, 4] 
were introduced to perform this validation study. 
The results presented in this chapter are from the manuscripts entitled ‘CFD Investigation 
of Subcooled Boiling Flow Using a Mechanistic Wall Heat Partitioning Approach with Wet-
Steam Properties’, which has been published in the Journal of Computational Multiphase Flow. 
In this work, the capability of the proposed mechanistic approach is investigated under a wide 
range of flow conditions (heat flux, mass flux, subcooling degree, etc.).  
Thus, the main objectives of this investigation are (i) to evaluate the accuracy of this 
mechanistic wall partitioning model in terms of predicting the local parameters (i.e. void fraction, 
Sauter Mean Diameter (SMD), liquid velocity, vapour velocity, Interfacial Area Concentration 
(IAC), superheating wall temperature, and liquid temperature) under various conditions at low 
pressure; and (ii) to compare some of the physical behaviours of the flow near the heated wall 
when the Wet-Steam is adopted as the working fluid against the constant-property liquid. 
 
4.2 Thermodynamic properties of Water and Steam (IAPWS-IF97) 
 Due to the necessity to support advanced technology and quality design of industrial 
equipment, especially in power plants, international standards for water and steam properties are 
set by the International Association for the properties of Water and Steam (IAPWS). To date, the 
industrial stem table, formulated in 1997, is still reasonably accurate and self-consistent when 
calculating changes in heat rate.  
 It states in the ANSYS CFX Modelling Guide that for modelling requiring subcooled water 
or superheated steam, especially with phase change, the IAPWS Library is the best available 
option. This is because the IAPWS-IF97 built-in database represents an accurate equation of state 
for water and steam properties [127].   
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 Figure 4.1 shows five regions of the IAPWS-IF97, consisting of a set of equations for 
different regions, which cover the following range of validity: 
    273.15 K ≤ T ≤ 1073.15 K         0 < p ≤ 100 MPa 
  1073.15 K < T ≤ 2273.15 K    0 < p ≤ 50 MPa 
 
 
 
Figure 4.1 Regions and equations of IAPWS-IF97, in SI units. 
 
 Boundaries of the regions can be clearly seen in the figure and these distinct 
thermodynamic regions for water and steam consist of: (1) subcooled water; (2) supercritical 
water/steam; (3) superheated steam; (4) saturation data; and (5) high temperature steam. After 
implementation, the properties of water and steam of regions 1–4 are available in the ANSYS 
CFX 14.5; however, region 5 has not yet been implemented.  
 The database implemented in the program covers temperatures ranging from 273.15 to 
1073.15 K, and pressures ranging from 611 Pa to 100 MPa. It should be noted that although the 
fluid materials are grouped into several temperature and pressure ranges for convenience, 
defining one’s own custom temperature and pressure range to suit the interested operating 
conditions is also possible. By considering these real fluid properties (Wet-Steam), a more 
accurate prediction of local-flow structure could be gained and the underlying physics of 
subcooled boiling flow phenomenon could be elucidated. 
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4.3 Experimental details 
Six cases of different flow conditions from Lee’s experiments (L152, L197 and L252) and 
Yun’s experiments (Y374, Y371 and Y567) were introduced for this validation study. Their 
operation details are presented in the Table 4.1. Working fluid used in the experimental study 
was demineralized water as mentioned in Lee’s paper. The uncertainties of the void fraction, 
liquid and gas velocities were 3% and the bubble Satuter Mean Diameter was 27%. For Yun’s 
experiments, the uncertainties of the void fraction, liquid and gas velocities were mentioned to be 
10%.  For the temperature and pressure, they were at 1.2K and 0.5kPa, respectively. 
Table  4.1   Operating conditions of the selected experimental cases 
Case Qwall 
(kW/m2) 
Mass Flux 
(kg/m2s) 
Subcooling  
Temp.  
(K) 
Pinlet 
(kPa) 
Tinlet 
(K) 
L152 152.3 
474.0        
(~ 0.50 m/s)
13.4 
142.0     
(1.42 bars)
369.75 
L197 197.2 
714.4        
(~ 0.75 m/s)
13.7 
137.0    
(1.37 bars)
370.05 
L252 251.5 
1059.2      
(~ 1.11 m/s)
17.9 
143.0    
(1.43 bars)
374.25 
Y374       
(*Q1RB) 
373.6 
1122.9       
(~ 1.17 m/s)
17.2      188.3 
(1.88 bars) 
374.25 
Y371       
(*Q1RL) 
370.5 
1107.6      
(~ 1.16 m/s)
16.4 
185.0    
(1.85 bars)
374.50 
Y567       
(*V2RL) 
567.0 
2063.0       
(~ 2.15 m/s)
18.0 
196.8    
(1.96 bars)
374.90 
* Original names of the selected cases from Yun’s experiments 
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As shown in Figure 4.2(a), the experimental configuration of Lee consists of a vertical 
concentric annulus with an inner heating rod of 19 mm outer diameter. The length of heated 
section is 1.67 m. This rod can produce a uniform heat using a 54kW DC power supply. The 
diameter of outer wall is 37.4 mm, and there is a transparent glass connected for visual 
observation. The measuring plane for collecting the experimental data is 1.61 m, far from the 
inlet. Also, Yun’s experimental configuration consisted of a vertical concentric annulus with an 
inner heating rod of 9.98 mm outer diameter (Figure 4.2(b)). The diameter of outer wall is 35.5 
mm. The lengths of heated section and unheated section were 3.087 m and 0.796 m, respectively. 
This rod could produce a uniform heat using a 934 kW DC power supply.  
 
(a)  Lee’s experiment                   (b)   Yun’s experiment 
   
Figure 4.2 The measuring locations along the height of heated rod section and adiabatic 
sections of the selected experiments [2, 4]. 
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 From the figure, totally, there are six measuring elevations of local radial parameter at the 
test section; five locations at the heated section (L/Dh =18.4, 43.3, 68.2, 93.1, 117.5) and one 
location at the adiabatic section (L/Dh =123.4) [4] . 
 
4.4 Numerical descriptions 
Basically, two sets of the continuity equation, including momentum equations of each 
phase and one energy equation of liquid phase were simultaneously solved based on the Finite 
Volume Method (FVM). The Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) 
was used to handle the coupling of velocity-pressure calculation [128]. The PBM (Homogenous 
MUSIG) was employed to monitor the size of vapour bubbles. Therefore, 15 extra transport 
equations were iteratively coupled with the flow equations. These bubble groups were equally 
divided for bubble sizes between 0 and 10 mm.  
In this simulation, only a quarter of the annulus could be considered since the 
configurations of both experiments had the annular shape. For grid independence study, it was 
found that the velocity profiles of liquid and gas, and the volume fraction did not change 
significantly by further grid refinement of 30 cells in the height direction and 13 cells in the 
radial direction (Lee’s cases). For Yun’s cases, the results did not change significantly by further 
grid refinement of 68 cells in the height direction and 13 cells in the radial direction. Overall, the 
total grids used by Lee and Yun were 1170, with 13(radial) × 30(height) × 3(circumference) and 
2652, with 13(radial) × 68(height) × 3(circumference), respectively. Wall heat fluxes, mass flux, 
sub-cooling temperatures from the experiments were adopted as the boundary and initial 
conditions.  
To obtain the subcooled liquid properties, the Wet-Steam (IAPWS-IF97) at the considered 
ranges of temperature and pressure were carefully specified. So far, no standard turbulence model 
has been tailored for bubbly flows. Because the void fraction was considerably low and the 
bubble sizes were relatively small, the SST model was adopted for the liquid phase and the 
dispersed phase zero-equation was employed for the gas phase.  
Apart from a modification of the RPI algorithm in order to account for the bubble sliding 
before lift-off, the mechanistic models named the fractal analysis (2002), the force balance 
approach (1993), and the mechanistic frequency model (2008), were implemented into the CFD 
code ANSYS CFX 14.5 via user FORTRAN files for calculating the wall heat partitioning. Due 
to an incorporation of the condensation effect into the modeling, an additional source term at 
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each equation of the size fraction (except the smallest group(Group 1)) has been adopted.  
Moreover, at the heated wall, the nucleation terms were adopted at the size group equations, 
which have the mean diameter close to the lift-off diameter as the evaporative heat sources. The 
convergence of all the cases was below 1x10-5. 
 
4.5 Results and discussions 
In this section, the predictions of local mean radial profiles including void fraction, bubble 
Sauter Mean Diameter (SMD), liquid velocity, bubble velocity, liquid temperature and wall 
superheating temperature are discussed together with Lee’s and Yun’s experimental data. The 
heat flux supplies and mass flux conditions from their experiments were between 152.3-567.0 
kW/m2 and 474.0-2063 kg/m2s, respectively. Based on this wide range of flow operational 
conditions, the accuracy of the proposed mechanistic approach can be investigated in this study.  
So far, the simulations have been performed by employing a material that accommodates 
constant properties. In the present work, we are employing Wet-Steam material whose properties, 
such as density, viscosity, saturation temperature and latent heat, change following the local 
pressure and temperature values. Due to the upward flow and the vertical concentric annulus 
geometry, the lower pressure and lower saturation temperature can be found at the higher-
location downstream, hence all aforementioned properties definitely keep decreasing from the 
inlet to the outlet. It should be noted that this kind of physical fluid behaviour cannot be found 
from using the constant-property liquid. Moreover, the subcooled-liquid density in the fluid 
domain depends on the local liquid temperature; the results of the predicted bubble size 
distribution may differ from using the single constant density as well.  
Generally, employing the subcooled liquid properties may affect the results of the heat 
partitioning calculations and the flow structures near the boiling surface. Subsequently, the 
simulation results of using two different fluid properties are presented and discussed in the 
following topics, especially the values of void fraction near the heated wall. This comparison 
study is attempted to highlight the importance of adopting materials with variable properties in 
the numerical simulations.  
4.5.1 Comparisons with Lee’s experimental data (~1.4 bars) 
The predictions of local mean radial profiles of the void fraction, bubble Sauter Mean 
Diameter (SMD), liquid velocity and bubble velocity at (L = 1.61 m) from using the Wet-Steam 
and the constant-property liquid are presented in Figure 4.3. Among these three cases (low and 
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mid heat and mass fluxes), there is a peak of void fraction found in the vicinity of the heated 
wall, which may be due to nucleation of many bubbles at the hot surface, as shown in Figure 
4.3(a).  Physically, when the vapour bubbles departed from the heated area and exposed to lower 
temperature (subcooled liquid), their sizes became smaller. Hence, it was also resulted in lower 
void fraction in the radial direction away from the wall.  
i) Void fraction 
In general, the predicted void fractions from using between the Wet-Steam and the 
constant-property liquid were both captured well with the Lee’s experimental data. For the case 
L152, at the regions near the heated wall, a slightly higher predicted void fraction was found. 
This may be because of an over-estimation of a portion of the evaporative heat flux. 
Nevertheless, a better prediction from the Wet-Steam was found from the case L197 (Figure 
4.3(a)), the void fraction near the wall from the case using the constant-property is under-
predicted at those area near the heated wall. A similar trend was found for the case of L252, 
although the whole predicted void fraction of the Wet-Steam was lower than the experimental 
data. 
As mentioned by Tomiyama [151], normally small spherical bubbles are preferably stayed 
close to the wall, whereas larger ones like distorted/cap bubbles are pushed towards the centre of 
the pipe due to the change of the negative sign in the lift force. Thus, in the future work instead 
of adopting the current constant lift-force coefficient ( 01.0LC ), introducing other mechanistic 
lift’s coefficient models, for example Tomiyama’s model [151] and Merle’s  models [152], can 
possibly improve the overall prediction accuracy, especially void fraction and bubble size 
distribution. Further details regarding the lift-force studies can be found from a review paper of 
Hibiki and Ishii [90]. 
ii) Bubble Sauter Mean Diameter(SMD)  
The comparisons between the predictions of the bubble Sauter Mean Diameter (SMD) and 
the experiments at the measuring plane are shown in Figure 4.3(b). The experimental results of 
the bubble size near the heated wall are larger than the other region, and this is due to lots of 
coalescence interaction at this region. Usually, their sizes are smaller with further distance from 
the wall.  This may be because once the bubbles leave the wall; they will resist the bulk liquid 
which has lower temperature. Then, the heat and mass from the bubbles are transferred into the 
bulk liquid due to the condensation. Consequently, in most of the cases (i.e. L197 and L252) the 
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bubble sizes are reduced in the regions far from the heated wall and the bubbles may even 
disappear due to condensation. 
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(a) Void fraction 
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(b) Bubble Sauter Mean Diamer (SMD) 
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Among the prediction results of Lee’s cases, the SMD from using the constant-property 
liquid and the Wet-Steam found to have a similar trend with the experimental data. From both 
fluid types, they gave a good agreement in capturing the bubble size distribution. However, for 
the cases using the constant-property, the smooth change of the bubble size from the heated wall 
to outer wall are found, in contrast, the sudden reduction in the predicted SMDs are clearly seen 
from the cases using the Wet-Steam. Possibly, this discrepancy could be a result of having 
varying density in the flow domain. At the present work, lower density occurs near the boiling 
surface, whilst the higher density happens at the regions far from the heated wall because of the 
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(c) Liquid velocity 
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(d)  Bubble velocity 
Figure 4.3  The comparisons of local mean radial profiles of void fraction, Bubble Sauter Mean 
Diameter(SMD), liquid velocity and bubble velocity between Lee’s experimental data and the 
predictions  
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lower temperature. Further investigation regarding the sudden reduction of SMDs will be 
attended in the future work. 
Liquid density is one of the main factors involved in calculating the bubble interactions at 
the PBM, thus the non-uniformity of density in the flow domain may reflect on the values of the 
coalescence and break-up rates as well. Regarding the assessment works of Deju [102, 104, 153], 
Cheung  [105] and Vahaji [115], the performance of many proposed bubble-interaction kernels 
have been investigated and assessed, however, so far no combination of them has been specially 
recommended for a simulation of subcooled boiling flow. It is advisable that the effects from 
using different coalescence and break-up kernels together with this realistic subcooled liquid, 
which directly influences the bubble size calculation, will be investigated further in order to 
enhance the current prediction accuracy. 
iii) Liquid velocity 
From Figure 4.3(c), the predicted liquid velocities of case L152, L197 and L252 of both 
liquid types are found to be higher than the experiment near the heated wall and the values match 
the experimental data at the locations far from the wall. This over-prediction of velocity near the 
wall region is due to high temperature at the heated wall. Also, the fluid densities of case using 
Wet-Steam is lower than the constant-property case at region further downstream, hence the 
slightly lower predicted velocities near the heated wall are found from the constant-liquid cases. 
Also, for the case L252, the highest difference between the predicted velocity and the 
experimental data was found at the region near the outer wall. This may be due to having a high 
mass flow-rate, and it may then be less influenced by the wall temperature if compared with the 
other cases.  
In the simulations, the scalable wall-function was intentionally employed in order to lower 
the number of cells close to the wall. As a result, the complexity of the bubble-induced 
turbulence’s motion near the boiling surface may not be fully resolved by using them, especially 
for the case L252 which has high heat flux. Among the case studies, the differences between 
predicted and experimental values were less than 0.25 m/s. Generally speaking, as discussed in 
Lee’s [2] and Yun’s papers [154], this current over-prediction of velocity near the heated wall 
was found to be similar with other previous investigations because of using the conventional 
CFD wall-function treatment.  
As mentioned by Končar [155], the upgrade of the mechanistic two-phase wall function is 
currently required to enhance the prediction accuracy. In order to better capture the velocity 
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profiles, a recent attempt can be found from the work of Colombo and Fairweather [156]. 
Basically, the additional source terms have been suggested to implement into the turbulent 
equations due to a consideration of the bubble disturbance.  
iv) Bubble velocity 
As shown in Figure 4.3(d), the local mean radial profiles of predicted vapour velocities for 
cases of L152, L197 and L252 are found to have a similar trend. Clearly, the gas velocities close 
to the heated rod were slightly higher than the experimental results, especially for the case using 
the Wet-Steam. This may be because the predicted sizes of bubbles on that area were smaller 
than the experiments, then it could result in higher velocities. Nevertheless, in the reality, while 
the vapour bubbles flows up, they may merge/collide to the neighbours which are still attached 
the heated rod. As a result, they may become bigger bubbles and would result in lower vapour 
velocities at the regions near the boiling surface. 
Interestingly, from Figure 4.3, cases L197 and L252, both with two different fluid 
simulations could capture a sudden drop of the vapour velocity at locations far from the heated 
rod. Actually, this could imply that there were no flowing bubbles at those locations in the 
experiments. Overall, the vapour velocities were slightly higher than the liquid velocities; this 
was a result of lighter density (buoyancy force) of the vapour. 
v) Other simulation results 
To investigate the difference in the local flow structure while specifying different liquid 
properties (Wet-Steam and constant-property liquid), the subcooling temperature and the void 
fraction profiles near the heated wall are selected for comparisons, as presented in  Figure 4.4. 
The results were obtained from the first nodes paralleled the heated wall (~0.000356 m) along the 
height of the annulus.  
From Figure 4.4(a-c), the subcooling temperature of the bulk liquid at the inlet for all of 
the presented cases ranges from 13 to 18 K. The heat transfers from the heated wall to the liquid 
as the fluid flows along the wall, which leads to having a gradual rise in temperature of the 
liquid. As a result, by the time the fluid reaches the end of the heated section, it has changed from 
a highly subcooled liquid to a slightly subcooled liquid. Among the mentions the figure numbers, 
the predictions of subcooling’s degree near the boiling surface at the outlet of the case L152 and 
L197 are found to be about 1-2 K, and for the case L252 the value is found at around 3 K. 
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(c) Case L252 
 
Figure 4.4 The predicted results of the subcooling temperature and the void fraction collecting 
near the heat wall along the annulus height 
     
  At the locations parallel to the heated wall (Figure 4.4), the predicted void fractions of the 
cases using the constant-property liquid are found to have steadily increased from the inlet to the 
outlet and the maximum value is less than 0.4 at near the outlet. Interestingly, the void fractions 
for the Wet-Steam cases are quite different from the constant-property cases. This is because the 
values of the void fractions are steadily increasing for a certain distance (height). However, it 
suddenly increases at the further downstream near the outlet of the annulus.  
 As shown in the figures, for the L152 and L197 cases, the point of a sudden jump of void 
fraction is around 1.1 m far from the inlet. The maximum of void fraction is found to be around 
0.60.-0.70 near the exit of the heating zone  (Figure 4.4 (a-b)). For the L252 case, the sudden 
increase of void fraction is found to be appeared at the higher location (~1.25 m) and the 
maximum is found at 0.50 (Figure 4.4(c)). As recently explained by Ahmadi [157], this sudden 
increase in void fraction could happen when the subcooling temperature becomes low enough for 
some bubbles to be reattached to the heated surface after the lift-off. Hence beyond this point a 
significant increase of the void fraction is begun.  
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  Overall, the prediction results from using the Wet-Steam and the constant-property are in 
good agreement with Lee’s experimental data. However, at the near heated wall region, the 
realistic phenomenon of subcooled boiling flow could be found only from the cases adopting the 
Wet-Steam. Normally, adopting the constant-property fluids in the simulation should give 
different results from using the variable (Wet-Steam) fluid materials. Nonetheless, since in the 
Lee’s experiment the length of the heated section is short (1.67 m.), the properties of the fluid 
might not vary significantly along the heated section. Therefore, the predictions of the 
simulations at the measuring plane using constant-property and Wet-Steam might be very 
similar. Eventually, the present validation study could not be used to much reflect an outstanding 
potential of hiring the Wet-Steam for the boiling simulation.  
  So far, using the Wet-Steam could give an advantage in term of a possibility in capturing a 
realistic behavior of subcooled boiling flow. Nevertheless, to prove this numerical investigation, 
the experimental data regarding the local parameters (i.e. the values of void fraction and the 
subcooling’s degree) near the heated rod surface would recommend to be observed for a further 
validation purpose.       
4.5.2 Comparisons with Yun’s experimental data (~1.9 bars) 
The mechanistic models are further investigated when the simulations of subcooled boiling 
flow are at mid to high mass and heat fluxes. Three cases from Yun’s experimental data were 
chosen for this investigation (Table 4.1). In the experiments, six locations along the height of the 
annulus were used to monitor the local interested parameters (Figure 3(b)). However, in the 
following comparisons, only the data from three locations at the heated region (L/Dh = 68.2, 93.1, 
117.5) and one location at unheated region (L/Dh = 123.4) are selected to conduct this validation 
study.  
In the first part of this section, the experimental data of the case Y374 including void 
fraction, Interfacial Area Concentration (IAC), Bubble Sauter Bubble Mean Diameter (SMD) and 
bubble velocities are compared with the predictions. To distinguish the effect from using 
different working fluid, the simulation results of the Wet-Steam properties and the constant-
liquid properties are both presented together with the experimental data. Unlike the constant-
property fluid modeling cases, the sensible and latent heats of the Wet-Steam cases physically 
change along the height of the boiling surface location. 
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 In fact, at elevated regions less heat is required to change the phase from liquid to vapour. 
Therefore, by having a uniform heat flux along the heated section and using the Wet-Steam 
material, more bubbles are nucleated at elevated regions. As a result, simulations using Wet-
Steam predict higher void fraction compared to the ones using constant-property material. In 
another meaning, using the Wet-Steam properties in modelling the behaviour of the subcooled 
boiling flow could expect to be seen realistically.  
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(a)  Void fraction 
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(b)  Bubble Sauter Mean Diameter (SMD) 
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Due to the limitation of the availably experimental data of case Y371 and Y567, in the 
second part the liquid temperature and liquid velocity are used to compare with the predictions. 
As aforementioned, this investigation is focused on an evaluation of the mechanistic model in 
term of its prediction accuracy when modelling with the subcooled-fluid (Wet-Steam) properties 
at the mid-high operating conditions. Since it is no doubt that defining the saturation as a 
constant value over the entire flow domain can reflect on such an error, when calculating the 
local liquid temperature, especially when having a long length of the boiling zone. Hence, only 
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(c)  Interfacial Area Concentration (IAC) 
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(d)  Bubble velocity 
 
Figure 4.5 The comparisons of local mean radial profiles of predicted void fraction, Interfacial Area 
Concentration (IAC) Bubble Sauter Mean Diameter(SMD) and bubble velocity with Yun’s experimental 
data (Case Y374) 
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the predicted liquid temperatures from the Wet-Steam cases are particularly discussed with the 
experimental data in order to assess the model performance.  
Normally, the values of liquid temperature and wall superheating temperature can also be 
used to indirectly evaluate the prediction capability. This is because the wall temperature can 
represent the portion of heat served the nucleation sites for vapour bubble generation (the 
conduction) and similarly the liquid temperature can also represent the amount of the heat 
transferred into the bulk liquid. Of course, comparing both of them with the experimental data at 
the last section, it would give a clearer view of the current status in term of estimating the heat 
partitioning at the boiling surface. 
i) Void fraction 
As shown in Figure 4.5(a), the void fraction of the Yun’s case (Y374) increases along the 
height of the heated wall, however, at the unheated region (L/Dh = 123.4) there is a decrease due 
to condensation. This profile is quite similar to the Lee’s results, as the highest void fraction was 
represented near the heated wall due to the bubble nucleation. Also, the void fraction located far 
away from the wall decreased and this reduction could be because of bubble condensation and/or 
disappearance.  
From the figures, the resultant void fractions at the measuring locations (L/Dh = 68.2 and 
93.1), is lower than the experimental data, especially for the case of using the constant fluid 
property. This may be due to an under-prediction of the evaporative heat from that wall region. 
However, at the highest measuring location (L/Dh = 117.5), the void fraction near the heated wall 
of the Wet-Steam simulation case is higher than the experiment. However, away from the heated 
wall in the radial direction, lower void fractions compared to the experimental data are observed. 
This discrepancy could be the result of low rates of bubble coalescence and/or high rates of 
bubble breakage in the prediction.  
At the unheated region (L/Dh = 123.4), the predicted void fraction is significantly reduced 
from the heated zone due to the condensation process, however this pattern is still beyond the 
profile of experimental void fraction. Altering the employed lift-force correlation could help to 
improve the void fraction predictions at the adiabatic region. Nevertheless, this might turn to be 
attended in future work. 
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ii) Bubble Sauter Mean Diameter(SMD)  
The comparisons of bubble Sauter Mean Diameter between the predictions and the 
experiment are shown in Figure 4.5(b). Normally, after leaving the heated wall, the bubbles can 
coalesce with the neighbouring bubbles and/or break up because of random collisions and 
turbulent impact, which could result in the change of their sizes. Some explanations regarding 
these bubble interaction mechanisms can be found from Cheung’s paper [97]. At the same time, 
at the far region from the heated wall, the bubble sizes usually become smaller/disappear because 
of the low bubble interaction and condensation. 
Using the Wet-Steam material, the predicted SMDs at L/Dh = 68.2, 93.1 and L/Dh = 123.4 
were in good agreement compared to the experimental data. At this flow condition, the captured 
profiles were in good agreement compared to the cases using the constant-property liquid. This 
may be because of having realistic fluid properties over the entire flow domain. However, for the 
SMD at L/Dh = 117.5, a discrepancy in the peak size between the prediction and the experiment 
can be noticed  (Figure 4.5). This could be a result of currently having an under prediction in 
vapour void fraction in the middle of the annulus. Also, the predicted bubble diameters in the 
flow domain are obtained from the calculations of  the break-up and the coalescence values at the 
PBM. In order to improve the void fraction predictions at the middle of the annulus, the authors 
are considering employing other coalescence kernels that encourage a higher coalescing rate of 
bubbles for future work. 
It should be noted that unlike experiments, the minimum bubble size in the numerical 
prediction cannot be set at zero.  The possible smallest size in the numerical simulation was 
possibly equal to the smallest bubble group size. The predicted bubble size is found to be around 
~0.6 mm at the heated section (L/Dh = 68.2 and L/Dh = 93.1), and this can be used to explain the 
discrepancy between the experimental data, which is equal to zero due to absence of bubbles at 
this location, and the numerical predictions.  
iii) Interfacial Area Concentration(IAC) 
From Figure 4.5(c), the local radial profiles of predicted Interfacial Area Concentration are 
compared with the existing experimental data. Similar to void fraction profiles, the highest IAC 
is found near the heated wall. At L/Dh = 68.2 and 93.1, the predicted IACs of two different 
liquids give reasonable agreements with the experimental data except near the wall, which is 
slightly lower. Moreover, at L/Dh = 117.5, the highest value for IAC among all the measured 
locations is found (~1250 m-1). Similar with the SMD comparison, the predicted IAC, especially 
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for the case of using the Wet-Steam, are in a better agreement with the experimental data when 
compared with the cases of using the constant-property liquid. At L/Dh = 123.4 (unheated 
section), the IAC profile is under-predicted for both simulations compared with the experimental 
data. 
iv) Bubble velocity 
The local radial profiles of bubble velocities are shown in Figure 4.5(d). Practically, the 
bubble velocity cannot be equal to zero in the numerical predictions and the minimum may be 
equal to the liquid velocity. For the selected elevations (L/Dh = 68.2, 93.1, L/Dh = 117.5, and 
123.4), the predicted velocities at near the heated wall are slightly higher than the experimental 
results. This could be a result of smaller bubble sizes predicted in that area. As a consequence, it 
could result in higher velocities. Noticeably, from the experimental results there are sudden drops 
of vapour velocity at the region far from the boiling surface. Hence, this implies that there is no 
flowing bubble at suggested locations. 
v) Liquid velocity and liquid temperature  
Because the length of the heated section in Yun’s experiment is almost twice of Lee’s case, 
the difference of the working fluid properties along the annulus height (i.e. saturation 
temperature, liquid density and latent heat) may reflect directly to calculations of the local flow 
parameters. The simulation results using the Wet-Steam of the Yun’s case (Y374), especially the 
predicted SMDs, are found in better agreement with the experiments than using the constant-
property liquid.   
Currently, this investigation can reveal an outstanding performance of introducing the Wet-
Steam together with the mechanistic wall portioning model for predicting the subcooled boiling 
flow. To clarify the prediction ability of the proposed mechanistic approach at higher flow 
conditions, further investigations are presented as follows.  
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(a)  Liquid temperature 
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(b)  Liquid velocity 
 
Figure 4.6  The comparisons of local mean radial profiles of predicted liquid temperature and liquid 
velocity with Yun’s experimental data (Case Y371) 
 
In addition to the bubble dynamics, the liquid temperature can also be used to evaluate the 
numerical accuracy, especially the wall heat partitioning model. Since the impact of properties of 
the subcooled liquid on temperature is of interest, in this section only the simulation results of the 
Wet-Steam cases and the existing experimental data are presented. It is worth to note that similar 
to the previous case (Y374), the Case Y371 is operated at medium range of heat and mass fluxes. 
The details regarding both selected cases (Y371 and Y567) are presented in Table 4.1. Their 
comparisons between the predictions and the experiments can be seen from Figure 4.6(a) and 
4.7(a).  
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(a)  Liquid temperature 
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(b)  Liquid velocity 
 
Figure 4.7 The comparisons of local mean radial profiles of predicted liquid temperature and liquid 
velocity with Yun’s experimental data (Case Y567) 
 
Generally speaking, a higher liquid temperature usually occurs near the heated wall, and 
the lower values can be found at those regions far from the heated wall. For the axial direction, as 
the fluid absorbs more heat along the height of the boiling wall, the average liquid temperature of 
both cases should increase from the inlet to the further downstream. From Figure 4.6(a) and 
Figure 4.7(a) at L/Dh = 68.2, the predicted liquid temperatures of both cases are in very good 
agreement with the experimental values.  
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As depicted in Figure 4.6(a), a small discrepancy can be noticed at the higher measuring 
locations (L/Dh = 93.1 and 117.5) for the case of Y371. In general, the predicted temperatures at 
these elevations were represented in a good agreement with the experimental data. At this flow 
condition, the maximum difference between the numerical predictions and the experiments 
among the considered locations is 1.9 K (L/Dh = 93.1) presented near the heated wall. Moreover, 
the predicted liquid temperature at the unheated section currently agrees very well with Yun’s 
experimental data. 
However, for the case of having high mass and heat supply (Y567), a significant difference 
in temperature (~3.2 K) observed near the heated wall was found between the prediction and 
experiment (L/Dh = 93). This may be because the portions of the heat transferred into the bulk 
liquid (in the forms of convective and evaporative heats) are lower than the reality. Thus, this 
discrepancy may be used to point out the lacking status of the current mechanistic approach.  
From Figure 4.6(b) and Figure 4.7(b), the local radial profiles of the predicted liquid 
velocity at L/Dh = 68.2 is found in a good agreement with the experimental data. For other 
locations, the slight difference could be noticed and this may be influenced by the temperature of 
the heated surface. Among the figures, the predicted velocity near the heated wall at L/Dh = 93.1, 
117.5 and 123.4, are higher than the experimental data. Furthermore, the highest velocity in the 
experiment is observed in the middle of the annulus, despite the simulations that predict at the 
vicinity of the heated wall. By considering the mechanistic wall-function in which the bubble-
induced turbulence is taken into account, the predictions of radial velocity profiles could be 
greatly improved [23].  
vi) Superheating temperature 
Usually, the portion of the heat remaining in the rod due to superheating the nucleation site 
can be represented by the value of the wall superheating temperature. Thus, investigations of the 
wall temperature can also give an idea on the prediction accuracy status of the proposed model. 
According to the mechanistic approach, this temperature value is mainly dominated by the 
amount of the conductive term (quenching heat) on the heated wall. High predicted value of the 
superheat temperature can be found when the quenching term estimation is lower than the 
experiment. In such a situation, it can be implied that the portion of the predicted heat remaining 
in the rod may have to be higher than the actual experiment 
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(a) Case Y371 (b) Case Y567 
 
Figure 4.8 The comparisons of the predicted wall superheating temperatures occurred along 
the rod height with Yun’s experimental data 
 
The predictions of the superheating temperature are then compared with the experimental 
data as shown in Figure 4.8. According to Yun’s experimental data (Y371 and Y567), the 
superheating temperatures were found to be between 16.5-24.5 K and 19.0-25.5 K, respectively. 
In fact, incorporating the physical mechanisms of bubble on the heated wall and variable fluid 
properties into the mechanistic model currently could help in enhancing the prediction accuracy 
of the quenching term. As shown in Figure 4.8, a very good agreement of the wall temperature 
results at the hot surface near the inlet can be observed in this study, especially for the case Y371.  
However, further downstream, discrepancy between predicted and experimental data still 
exists, especially for the Y567 case which operated at high heat and mass fluxes (Figure 4.8(b)). 
A maximum difference around 6 K was found at near the exit of the heated section. Physically, 
this may be because the heat still remains in the wall more than actual situation at those locations. 
Noticeably, using this mechanistic approach prediction, it can predict a reduction of the wall 
temperature similarly to the experimental data. The temperature is reducedd from the inlet to the 
exit of the test section due to higher quenching and evaporative levels at further downstream 
regions.   
In order to enhance the current prediction accuracy for the case of having high heat and 
mass, the mentioned bubble mechanism interactions, such as merging during sliding, may need to 
be considered in the mechanistic model. Because this mechanistic incorporation may help in 
raising not only the quenching component but also the evaporative portion as can be seen from 
Basu [60]. Assuming that there has a higher amount of the heat transferred into the bulk liquid, 
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consequently, the superheating temperature further downstream could be dropped due to the 
lower amount of the heat remained in the boiling rod.   
 
4.6 Conclusion and recommendations for future work 
 The wall mechanistic heat partitioning approach, consisting of the fractal analysis, the force 
balance approach, and the mechanistic bubble departure frequency, has successfully implemented 
into the RPI algorithm of the ANSYS CFX 14.5 for studying the sub-cooled boiling flow. In 
order to improve the predictions, a material whose properties change depending on pressure and 
temperature (Wet-Steam IAPWS-IF97) was introduced in this study. The model's prediction 
capability was investigated by performing a validation study over a wide range of flow 
conditions at low pressure. According to the simulation results, the conclusions can be drawn as 
follows: 
 The proposed mechanistic model is capable of predicting the subcooled boiling 
phenomena over a wide range of flow conditions, except for the case of high heat and mass 
fluxes.   
 Simulations of the subcooled boiling flow by using the constant-property liquid and 
the Wet-Steam were both showed a good agreement of the void fraction with Lee’s 
experiments. Whilst introducing them for predicting the Yun’s cases, the void fraction and 
the SMD of the Wet-Steam cases gave better agreements with the experimental data.  
 Overall, the prediction results, including the void fraction, Bubble Sauter Mean 
Diameter (SMD), Interfacial Area Concentration (IAC), liquid temperature, are found in 
satisfactory agreement with the experimental data. Over-predictions of bubble and liquid 
velocities have been found near the heated wall, therefore, the effect of the bubble’s motion 
on the turbulence at the heated surface needs to be further elucidated.  
 For future work, our attention will be towards improving the insights of the current 
mechanistic model. This can be done by considering more physical behaviours of bubble 
interactions on the heated surface i.e. bubble coalescence during sliding and the condition of 
sliding. Moreover, other fluids could be employed as the working fluid to investigate the capacity 
of the mechanistic approach in accommodating a wide range of fluid properties in addition to the 
flow properties that is currently being investigated.  
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Chapter 5 
CFD investigation of Subcooled Boiling Flow at Elevated Pressure:                        
Evaluation of Mechanistic Wall Heat-Flux Partitioning Approach                         
with Wet-Steam Properties  
                          
5.1 Introduction 
In the previous chapter, good agreement with low pressure experimental data was found 
using three mechanistic models, including Yu’s fractal analysis [68], Klausner’s force balance 
method [75], and Yeoh’s mechanistic model [22], for predicting the wall heat flux components at 
low pressure. Nevertheless, to further predict the subcooled boiling flow when operating at high 
pressure, the Computational Fluid Dynamics (CFD) study based on the mechanistic approach 
was performed.  
In this chapter, the work of Ozar [5], who intensively investigated parameters of the 
subcooled boiling flow structure at elevated pressures, was selected for this evaluation task. In 
general, the objectives of this work are (i) to preliminarily investigate the local parameters (i.e. 
void fraction, Sauter Mean Diameter (SMD), liquid velocity, gas velocity) for the subcooled flow 
boiling when operating at elevate pressures (4.97-9.49 bars); and (ii) to elucidate some physical 
insights at the heated wall and over the fluid domain when specifying the Wet-Steam (IAPWS-
IF97) properties as the working fluid. In the recent contribution from this work, this numerical 
investigation was presented at the 19th International Conference on Fluid Mechanics and 
Thermodynamics (ICFMT_2017). Later, the paper was invited to be published in the World 
Academy of Science, Engineering and Technology, International Journal of Mechanical, 
Aerospace, Industrial, Mechatronic and Manufacturing Engineering (2017, 11(3): pp.676-686) 
[158].  
It should be noted that our current mechanistic models have not been considered the 
physical situation of bubbles merging without sliding on the heated wall yet. Basu [60] suggested 
that this bubble behaviour is usually found when the wall superheat temperature is high and when 
the subcooled boiling flow operates at high pressure. Hence, this mechanism may be 
incorporated into our mechanistic model in the near future. In addition, introducing the three-
fluid model along with the two-group PBM equations in simulating a subcooled boiling flow at 
elevated pressure may contribute to further progress in terms of modelling development [97]. 
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5.2  Experimental descriptions  
In Ozar’s experimental works, the local flow structures of the boiling flow were 
investigated at a wide range of flow conditions at elevated pressures, thus usually two bubble 
groups including spherical and distorted bubbles (Group-1) and cap, slug and churn-turbulent 
bubbles (Group-2) can be observed [5]. To assess the possibility of the current proposed 
mechanistic model in terms of its prediction accuracy, thus in this study three selected cases from 
those experiments are selected for a comparison purpose. Their operation details are presented in 
the Table 5.1. Working fluid used in the experiments was sub-cooled water.  
 
Table 5.1 Operating conditions of the selected experimental cases 
Case (kW/m2) Pinlet (kPa) Inlet Velocity (m/s) Subcooling Temp. 
(K) 
 
OZAR191 
 
190.9 
 
497 
 
1.03 
 
14.8 
OZAR241 240.8 504 1.02 14.9 
OZAR209 209.0 949 1.05 10.0 
 
The uncertainties of the void fraction, liquid and gas velocities were mentioned to be 
<10%, ±0.75% and <10%, respectively. For the temperature and pressure, they were at ±2.2 K 
and <± 0.50%, respectively.  From Figure 5.1, the experimental configuration consisted of a 
vertical concentric annulus with an inner heating rod of 19.1 mm outer diameter. The diameter of 
outer wall is 38.1 mm. The lengths of heated section and unheated section were 2.845 m and 
1.632 m, respectively. This rod could produce a uniform maximum heat flux of 260 kW/m2.   
From the figure, totally, there are five measuring elevations of local radial parameters at the 
test section; three locations at the heated section (L/Dh =51.6, 108, 149) and two locations at the 
adiabatic section (L/Dh =189, 230).  
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Figure 5.1  A schematic showing the measurement locations of local parameters of Ozar’s 
experiments [5]. 
 
5.3  Simulation details 
Basically, two sets of the continuity equation, momentum equations of each phase and one 
energy equation of liquid phase were simultaneously solved based on the Finite Volume Method 
(FVM). The Semi Implicit (SIMPLE) algorithm was used to handle the coupling of velocity-
pressure calculation [128]. To track the bubble size distribution, the PBM (Homogenous 
MUSIG) was employed; therefore, 15 extra transport equations were iteratively coupled with the 
flow equations [159]. These bubble groups were equally divided for bubble sizes between 0 mm 
and 8.5 mm. Because the geometry has an annular shape, thus only a quarter of the annulus could 
be used for this simulation.  
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By further grid refinement of 180 cells in the height direction and 10 cells in the radial 
direction the velocity profiles of liquid and gas, and the volume fraction did not change 
significantly. Therefore, in this simulation, the total mesh was 5400, with 10(radial) x 
180(height) x 3(circumference). Wall heat fluxes, mass fluxes, and sub-cooling temperatures 
from the experiments were adopted as the boundary and initial conditions.  Moreover, to gain a 
realistic simulation, the Wet Steam (IAPWS-IF97) properties at the considered flow ranges were 
adopted as the working fluid. For the turbulent models, the k–ω SST model was adopted for the 
liquid phase and dispersed phase zero-equation was employed for the gas phase.  
In the simulation, the fractal model [68], the force balance method [75], and the 
mechanistic model [22], were implemented into the ANSYS CFX 14.5 (via the user FORTRAN 
files)). For each equation of the size fraction, additional source terms have been adopted to 
include the condensation effect. Also, at the heated wall, the nucleation terms were adopted at the 
size group equations, which have the mean diameter close to the lift-off diameter as the 
evaporative heat sources. The convergence of all the cases was observed below 1x10-5.  
 
5.4  Results and discussions  
In this study, the predictions of local mean radial profiles of void fraction, Interfacial Area 
Concentration, Saunter Mean Diameter and bubble velocity for all the cases at different 
measuring locations within the heated section (L/Dh = 51.6, 108, and 149) are particularly 
compared with the experimental data. It can be seen from Table 5.1 that the heat flux (190.9-
240.8 kW/m2), the subcooling temperature (10-14.9 K), and the pressure (4.97-9.49 bars) among 
three selected cases are different, however the liquid velocity are similar at around 1.0 m/s.  
Physically, this alteration could result in a different number of bubbles nucleated on the 
heated surface. As a consequence, a high population of vapour bubbles may appear near the wall. 
Once their sizes become sufficiently large because of the coalescence interaction, they possibly 
move to the centre of the annulus. Eventually, this situation may lead to an occurrence of Group-
2 bubbles (i.e. cap and slug bubbles).  
5.4.1 Comparisons with the experiment operated at around 5 bars 
i) Void fraction (ɛ) 
In the flow region at the heated section, the void fraction is increased along the heated wall 
(Figure 5.2(a) and Figure 5.3(a)). The peak of void fraction may be caused due to nucleation of 
many bubbles at the heated surface. In general, when the bubbles depart from the heated surface 
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and are exposed to the subcooled liquid, the bubbles get condensed. Hence, the void fractions are 
decreased in the radial direction away from the wall and gradually become zero at the far region. 
For both cases, it could be seen that the void fraction at L/Dh = 51.6 is nearly zero. This 
means that there are almost zero of bubbles nucleated at around this region. Clearly, the resultant 
void fraction at the mid-way of heated section (L/Dh = 108) and at the last region before unheated 
zone (L/Dh = 149) are in very good agreement with the experimental data except the region near 
the heated wall. This could be an outcome of an accurate prediction of the evaporative heat 
portion at the heated wall.  
Among those three locations for a relatively low heat flux case (Qwall = 190 kW/m2), only 
Group-1 bubbles exist. At near the exit of heated section, the maximum void fraction (~ 0.30) is 
found. Moreover, away from the heated wall in the radial direction, lower void fractions 
compared to the experimental data are observed. This discrepancy could be the result of a low 
estimated rate of bubble coalescence and/or a high predicted rate of bubble breakage in the 
simulation whose interactions are currently assumed only for spherical bubbles.  
The effect of wall heat flux can be clearly observed from Figure 5.3(a) (Qwall = 241 
kW/m2, L/Dh = 149) as the Group-2 bubbles are found. Possibly, at this operating condition, it 
may cause an occurrence of low local subcooling temperature and high bubble density at near the 
end of heated region, consequently big bubbles (Group-2) can be triggered by the coalescence 
mechanism.   
Currently, we are only considering dispersed and spherical bubbles (Group-1) in our 
simulation. Interestingly, Figure 5(a) (L/Dh = 149) shows that the predicted void fraction is 
found in a good agreement with the experimental results which represent a summation of Group-
1 and Group-2. Therefore, this prediction can be introduced for capturing the change of void 
fraction along the heated subcooled region.  
ii) Interfacial Area Concentration (IAC) 
Figure 5.2(b) and Figure 5.3(b) show the local radial profiles of predicted Interfacial Area 
Concentration compared with the existing experimental data. Similar to void fraction profiles, the 
highest IAC is found near the heated wall for both cases.  For low heat flux case (Qwall = 190 
kW/m2), because of low bubble density, only Group-1 bubbles influence the overall IAC value. 
As shown in Figure 5.2(b), the predicted IAC agrees well with the experimental data except near 
the inlet, which is slightly higher. Moreover, at L/Dh = 149, the highest value for IAC is found 
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around 800-1000 m-1 near the heated surface. Also, the IAC value reduces to zero at far region as 
a result of the condensation which usually causes a collapse of bubbles. 
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(b) Interfacial Area Concentration (IAC) 
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(c) Bubble Sauter Mean Diameter (SMD) 
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 (d) Bubble velocity 
 
Figure 5.2 Comparisons of local radial profiles of considered parameters between predictions and experiments  
for OZAR191 (Qwall = 191 kW/m2, Vinlet = 1.03m/s, Tsub = 14.8 K, Pinlet = 498 kPa)   
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(b) Interfacial Area Concentration (IAC) 
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  (c) Bubble Sauter Mean Diameter (SMD) 
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 (d) Bubble velocity 
 
Figure 5.3 Comparisons of local radial profiles of  considered parameters between prediction and experiments 
for OZAR241 (Qwall  = 241 kW/m2, Vinlet = 1.02m/s, Tsub = 14.9 K, Pinlet = 504 kPa)   
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For higher heat flux case (Figure 5.3(b)), the IAC of Group-2 bubbles is started to be 
noticed at L/Dh = 149. The high IAC is found near the heated wall, which may be caused by a 
high population of small bubbles. Because of bubble merging while sliding on the heated wall, 
then the Group-2 bubbles can be formed at this region and its IAC value represents at high 
number as well. In this prediction, the value of IAC at near the end of heated zone (L/Dh = 149) is 
attempted to be compared with a summation of the experimental IAC values of Group-1 and 
Group-2. Overall, at the heated subcooled region, the predicted IAC is in good agreement with 
the experimental data. 
iii) Bubble Sauter Mean Diameter (SMD) 
 The comparisons of SMD between the predictions and the experiments are shown in 
Figure 5.2(c) and Figure 5.3(c). Normally, after leaving the heated wall, the bubbles can merge 
with the neighbouring bubbles and/or break up because of random collisions and turbulent 
impact, which could result in the change of their sizes. At the same time, in the radial direction 
away from the heated wall, the bubble diameter can get smaller or even disappear because of 
condensation.   
Normally, the lift and wall lubrication forces make the small bubbles (Group-1) staying 
near the wall, whereas the bigger bubbles (Group-2) are moved to the centre of the annulus. 
Since there is low turbulent kinetic energy (less shearing-off situation) at the centre, the Group-2 
bubbles can increase the size further because of random collision and wave entrainment.   
To avoid the numerical instability problems, unlike experiments, usually the minimum 
bubble size in the numerical prediction cannot set to be zero. Nevertheless, the possible smallest 
size in the numerical simulation could be equal to the smallest bubble group size. As presented in 
Figure 5.2(c) and Figure 5.3(c), the predicted bubble size is found to be similar with the smallest 
bubble size group (~1.1-1.3 mm) at the first measuring location at the heated section (L/Dh = 
51.6). This explains the discrepancy between the experimental data, which is equal to zero due to 
having no bubbles at this location, and the numerical predictions.  
As shown in Figure 5.2(c), the bubble diameters are increased following the flow 
downstream due to the coalescence mechanisms. At L/Dh = 108, the predicted SMD is quite 
similar in size compared to the experimental data at near the heated wall. However, at the far 
region, this predicted diameter is higher than that observed in the experiment (Figure 5.2(c)). 
This could be a result of the lift-force coefficient calculation. At the present work, the 
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Tomiyama’s model is adopted, in which the small bubbles (< ~5.0 mm) are normally pushed to 
both sides of the wall. Thus, higher prediction of the SMD at far region from the heated wall may 
be occurred.  
For the SMD at L/Dh = 149, a similarity of the peak location between the prediction and 
the experiment could be noticed and the biggest size can be found at the middle of the annulus 
gap. However, the SMD from the numerical predictions for both cases are smaller than that 
observed in the experiment. An assessment of the available lift-force coefficient models may be 
useful. 
iv) Bubble velocity 
The local radial profiles of bubble velocities are shown in Figure 5.2(d) and Figure 5.3(d). 
From the experimental data, the bubble velocity at L/Dh = 51.6 is equal to zero since no bubble 
has been generated yet. However, as mentioned earlier, in the numerical predictions, the size of 
the bubble cannot be equal to zero. Therefore, there is a bubble velocity shown on the figure 
whose normally may be equal to the liquid velocity. 
For the other elevations (L/Dh = 108 and L/Dh = 149), the predicted velocities at near the 
heated wall are higher than the experimental results. This could be caused by the smaller 
predicted sizes of bubbles on that area than the experiments, which could result in higher 
predicted velocities. Nevertheless, in the reality, while the vapour bubbles flow up, they may 
merge/collide to the neighbouring bubbles that are still attached to the heated rod. These may 
become bigger bubbles and would also be resulted in lower bubble velocities at the region near 
the heated rod. Furthermore, regarding an occurrence of small bubbles near the unheated wall 
because of using the current lift-coefficient model, hence the bubble velocities at that region are 
also found to be higher than the experimental results. 
5.4.2 Comparisons with Ozar’s experimental data operated at 9.49 bars 
i) Void fraction (ɛ) 
It can be seen from Figure 5.4(a) that the void fraction of this case study is increased along 
the heated wall and this trend is similar with other cases that operate at lower pressure (~5 bars). 
However, due to having a lower subcooling temperature (10 K) at the inlet, in terms of physical 
fluid material, lower amounts of heat may be required during the nucleation of vapour bubbles on 
the heated wall. As can be noticed from the figure, the values of void fractions of this case study 
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are much higher than previous cases (OZAR191) that have a slightly lower amount of the wall 
heat flux. 
Figure 5.4(a) shows that the maximum of void fraction at L/Dh = 51.6 is around 0.16 and, 
clearly, it happens near the heated wall. Interestingly, the resultant void fraction at the mid-point 
of the heated section (L/Dh = 108) and at the last region before the unheated zone (L/Dh = 149), 
are found to be higher than other case studies and are in very good agreement with the 
experimental data.  
Among the measured locations for this higher-pressure case (9.49 bars), Group-2 bubbles 
can be noticed mid-way along the heated section. Near the end of the heated section (L/Dh = 
149), the maximum resultant void fraction (~ 0.50) is found. In the region away from the heated 
wall in the radial direction, especially at the middle of the gap, lower values of predicted void 
fractions, compared to the experiment, are observed. This discrepancy could be caused by the 
assumption that considers only spherical bubbles in the simulation. Hence, source terms that 
represent bubble interactions may have an under-predicted rate of bubble coalescence and/or an 
over-predicted rate of bubble breakage. The effects of pressure can be clearly observed from 
Figure 5.4(a) (L/Dh = 149) as Group-2 bubbles can be seen. It is possible that operating under 
higher pressure and lower subcooling temperature (OZAR209) may result in the occurrence of 
very high bubble density near the heated region. As a consequence, big bubbles (Group-2) can be 
formed by the coalescence mechanism. 
Because only dispersed and spherical bubbles (Group-1) are considered in our simulation, a 
difference can be noticed near the heated wall, especially near the exit of the heated section. 
Figure 5.4(a) (L/Dh = 108 and L/Dh = 149) shows that the predicted void fractions that represent 
a summation of Group-1 and Group-2 are found to be slightly higher than the experimental data 
near the heated wall. In contrast, these values are found to be lower at the middle region of the 
walls. Overall, the proposed mechanistic model can provide a good prediction of the void 
fraction along the height of the heated section.  
ii) Interfacial Area Concentration (IAC) 
Figure 5.4(b) shows local radial profiles of predicted Interfacial Area Concentration 
compared to the experiment. Similar to void fraction profiles, the highest IAC is found near the 
heated wall for this higher-pressure case. It is evident in Figure 5.4(b) that the IAC of Group-2 
bubbles are noticed at L/Dh = 108. In this region, the high IAC (600 m-1) is found near the heated 
wall, which may be caused by a high population of small bubbles. Due to bubble merging during 
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growing and sliding, Group-2 bubbles can be formed at this region. The IAC value represents the 
highest number in the region near the end of heated zone (L/Dh = 149). After comparing the value 
of predicted IAC with a summation of the experimental IAC values of Group-1 and Group-2, it 
was found that the predicted IAC is in reasonable agreement with the experimental data. 
iii) Bubble Sauter Mean Diameter (SMD) 
 As shown in Figure 5.4(c), predicted SMDs are compared with the experiments. After 
departure, bubbles can usually merge with neighbouring bubbles and/or break up because of 
random collisions and turbulent impact. As a consequence, changes in sizes can occur. Also, 
because of lower liquid temperature in the furthest region of the heated wall, their diameter can 
become smaller due to condensation. 
As mentioned earlier, small Group-1 bubbles stay near the wall because of the lift and wall 
forces, whereas the bigger Group-2 bubbles are physically pushed to the centre of the annulus, 
because they have low turbulent kinetic energy (a reduced shearing-off situation). Hence, in the 
middle gap, the Group-2 bubbles can increase their size due to random collision and wave 
entrainment. 
In Figure 5.4(c), at the first measuring location (L/Dh = 51.6), the predicted bubble size is 
around 2.0-3.0 mm and the predicted SMD values are lower than in the experiment. Also, bubble 
diameters are getting bigger further downstream due to the coalescence mechanisms. At L/Dh = 
108, the predicted SMD (~ 5 mm) is similar in size to the Group-1 bubble size of the 
experimental data. However, at the furthest region, this predicted diameter is higher than that 
observed in the experiment (Figure 5.4[c]).  
For the SMD at L/Dh = 149, the peak location is found at the middle of the annulus gap like 
the experiment. Overall, the SMD from numerical predictions for both cases are smaller than that 
observed in the experiment. This is because only the Group-1 bubble is assumed to occur in the 
simulation. In future work, development of the PBM to consider Group-2 bubbles needs to be 
completed; hopefully, a better prediction of bubble size distribution could be gained. 
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(b) Interfacial Area Concentration (IAC) 
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(c) Bubble Sauter Mean Diameter (SMD) 
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 (d) Bubble velocity 
 
Figure 5.4 Comparisons of local radial profiles of considered parameters between  predictions and experiments  
for OZAR209 (Qwall = 209 kW/m2, Vinlet = 1.05m/s, Tsub = 10.0 K, Pinlet = 949 kPa)   
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iv) Bubble velocity 
The local radial profiles of bubble velocities of the higher-pressure case are shown in 
Figure 5.4(d). At L/Dh = 51.6, bubble velocity near the heated wall is found to be around 1.25 
m/s. At the furthest region from the heated wall, the value is found to be zero. This may be 
because the bubbles have disappeared due to condensation. At this elevation, the velocity is 
currently over-predicted compared to the experimental data. 
At the mid-point of the heated section (L/Dh = 108), a higher value of bubble velocity than 
that of the experiment is also found in the simulation. This may be a result of having smaller 
predicted sizes of bubbles than the experiments in that area; as a consequence, velocity is      
over-predicted. Also, merging with neighbouring bubbles before detachment from the heated rod, 
may lead to bigger bubbles and lower bubble velocities at this elevation. 
However, at the exit region of the heated section (L/Dh = 149), predicted bubble velocity is 
found to have a lower value than the experimental data, especially at the middle of the annulus 
gap. Further investigations regarding the effect of turbulence models and the development of 
PBM by embedding Group-2 bubbles in the modelling, may improve the current predictions of 
bubble velocity. 
5.4.3 Other simulation results near the heated wall 
 The subcooling temperature and the void fraction profiles near the heat wall for the case of 
higher heat flux (OZAR241) are provided in Figure 5.5. Precisely, the values of these parameters 
were obtained from the first nodes paralleled the heated wall (~0.000475 m) along the height of 
the annulus. As shown, the bulk liquid has the subcooling temperature at around 15 K at the inlet, 
and then the liquid removes the heat from the wall and gradually become a slight subcooling 
liquid near the end of the heated section.  
At around 2.8 m of the height, the subcooling temperatures near the heated wall reduce to a 
small number (~1-2 K). Actually at this value, the bubble generation rate could be high and 
Group-2 bubbles could form due to high density of the vapor bubbles. However, if the heat flux 
is not sufficient, this kind of situation (formation of large bubbles) may not be occurred.  
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Figure 5.5 The subcooling temperature and the void fraction collecting near the heat wall         
along the height 
 
It is clearly seen that the void fraction near the heated wall increases and reaches around 
0.6 at near the exit of the heated region. Usually, once the subcooling temperature has become 
more stable, the void fraction profiles may be found to have a rapidly increase. From the figure, it 
can be seen that beyond the certain point (2.25 m), there is a sudden change of the void fraction; 
hence this might confirm the occurrence of NVG. However, at the current work, there has no 
experimental information to confirm this predicted phenomenon of the boiling flow at elevated 
pressure. 
 
 
 
 
    Heated Region                                          Unheated Region 
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5.5  Conclusion and suggestions for future work 
In this study, the mechanistic approach of the wall flux heat partition algorithm, including 
the fractal analysis, the force balance method, and the mechanistic bubble departure frequency, 
has been successfully used to investigate the local parameters of the subcooled boiling flow when 
operating at elevated pressure (4.97-9.49 bars). Regarding the comparisons between the predicted 
and the experimental results, the conclusion can be summarised as follows. 
• When using the Wet-Steam (IAPWS-IF97) as the working fluid, some realistic 
mechanisms of the subcooled boiling flow were observed, for instance, the possible 
location of NVG point. However, this may require further experimental information to 
confirm. 
• From this study, the prediction results, including the void fraction and interfacial area 
concentration, are in very good agreement with the experimental data. Hence, by using this 
mechanistic approach, the evapourative heat flux could be estimated appropriately for the 
current heat and mass conditions.  
• In addition, the prediction of the other parameters, including bubble Sauter Mean 
Diameter (SMD) and bubble velocity had satisfactory agreement with the experimental 
data. For future work, our attention will be directed towards the assessment of the available 
lift-coefficient models, especially for the subcooled boiling flow. It is anticipated that this 
could more effectively capture the bubble size distribution.  
Overall, introducing this mechanistic model to investigate a greater number of flow 
conditions is necessary. Extending the current mechanistic model for predicting the subcooled 
boiling flow for a wider range of flow operations will require the development of the force 
balance method, i.e. the micro-layer evapouration, the condensation at the bubble tips, and 
bubble merging during sliding. 
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Chapter 6 
CFD Elucidation of Subcooled Boiling Flow at High-Pressure:                          
Evaluation of Developed Mechanistic Wall Heat-Partitioning Approach     
with Refrigerant Properties  
 
6.1 Introduction 
Elucidation of the underlying physical phenomena of flow boiling has been a crucial 
engineering issue in recent decades. Nuclear reactors, boilers, and heat exchanger equipment all 
participate in this kind of boiling complexity. So far, the characteristics of pool boiling and flow 
boiling, especially the phase change and heat transfer phenomena, have been explored through a 
number of experimental and numerical works [2, 160-162].  Consequently, many empirical 
correlations have been formulated and more importantly, the measuring data have been used to 
advance developments of some proposed numerical methods [29, 47, 51, 139-142].   
 With regards to the fundamental physics of heat and mass transfers occurring at the 
nucleation sites, the growth rate of the vapour bubbles (frequency) and the waiting time during 
the bubble generation can represent the mass and heat leaving the hot wall [58]. In principle, the 
characteristics of bubble generation can explain the size and speed at which the latent heat is 
transferred into the bulk liquid. Hence, these boiling parameters are involved in determining the 
wall heat flux partitions, including convective, conductive (quenching), and evapourative heat 
fluxes [60]. As a consequence, a number of proposed empirical models have been developed and 
adopted into Computational Fluid Dynamics (CFD) codes for predicting the nuclear system and 
boiling applications [24, 25, 143]. However, this model is currently attached to some selected 
empirical correlation models, and they are normally suitable for predicting the pool boiling, not 
the flow boiling. More importantly, as mentioned by Warrier, using the correlation without 
consideration of the physical mechanisms of bubbles could lead to a significant difference 
between the prediction and experimental data [42]. 
 In the previous chapters, the original mechanistic approach has been recently introduced to 
investigate the subcooled boiling flow at low and elevated pressures [2-5] together with the use 
of the realistic Wet-Steam properties. Through consideration of real fluid properties, a better 
prediction of void fraction, vapour bubble size, and its distribution were obtained over the range 
of the flow operating considerations. Furthermore, a higher amount of the heat transferred into 
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the bulk liquid could be found further downstream because of the lower phase change heat 
required. Consequently, a significant decline in the superheating temperature was observed, and 
this is because of having a lower amount of heat remaining in the boiling rod at the higher region 
[35, 158]. 
Nevertheless, to achieve the satisfactory prediction accuracy for a wide range of flow 
conditions, introducing the mechanistic approach combined with the realistic fluid properties 
may not be sufficient. Many researchers have suggested that more essential physics regarding 
bubble interactions during growing on the boiling surface should be taken into an account as well 
[61, 75, 76, 123, 138, 144-148]. This issue was also commented by Yeoh et al. [1]. Merging with 
neighbours to later become a mushroom bubble and a reduction of its size due to its exposure to a 
cooler bulk liquid (condensation) could be the keys to properly developing the current 
mechanistic approach [1]. .  
 To the author’s knowledge, there is no existing numerical work studying subcooled boiling 
flows at high pressure, in which fluid materials could accommodate variable properties that are 
dependent on localised pressure. Through consideration of realistic fluid properties, 
consequently, the underlying physics of this flow can be explored from the modelling. Hence the 
original mechanistic approach has been further modified to account for more essential bubble 
interactions during the growth time, i.e. i.) conditions of sliding, ii.) merging while sliding, and 
iii.) merging without sliding. The details of this algorithm development are presented in the topic 
on the modelling equation (Chapter 3). 
 In this chapter, the DEBORA experimental conditions [61], which investigated the 
subcooled boiling flow at high-pressure, are specially used to perform the numerical elucidation 
and evaluation tasks. Overall, the main objectives of this research are (i) to evaluate the 
prediction accuracy of the developed mechanistic wall heat-partitioning model, especially in 
terms of capturing local interested parameters in the flow domain (i.e. void fraction, liquid 
temperature, Bubble Sauter Mean Diameter (SMD), liquid velocity, bubble velocity, and 
superheating temperature) against the cases using the original mechanistic approach and the 
empirical correlation method; (ii) to elucidate physical insights at the heated wall when adopting 
the realistic (variable) properties of the refrigerant (R12) as the working fluid; and (iii) to identify 
the possible limitations of the present developed mechanistic approach and establish further 
development in order to increase the current accuracy for predicting in a wider range of 
subcooled boiling flow conditions. 
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6.2 Experimental descriptions 
According to the DEBORA’s test [6], the subcooled boiling flow was basically attempted 
to investigate at pressure between 1.46-2.62 MPa (high pressure), with the mass flux fed between 
2000-3000 kgm-2s-1 and also the subcooling’s degree controlled at the inlet between 15.7-29.6 K. 
Instead of using the water during the experiment, the dichlorodifluoromethane (R12) was 
specially introduced to be employed as the working fluid.  
 
Figure 6.1 A schematic showing the geometry and measurement location of DEBORA’s facility 
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As per mentioned, using this refrigerant, it can enable a more convenient for measuring the 
pressure and temperature with consistent values for not only the Reynolds number and liquid-gas 
density ratio but also at different Weber number as well. As well as , a possibility to increase pipe 
diameter can be enhanced from using this working fluid, consequently this can allow the 
measurements of local parameter profiles in radial direction [23]. 
In Figure 6.1, the experimental configuration is consisted of a 5 meter vertical pipe with a 
circular cross-section with a diameter of 19.2 mm. The testing section can be divided into 3 parts. 
For the first part, it is an adiabatic inlet section (1.0 m). Then, the second part is a 3.5 meter 
heated section and finally it is an adiabatic outlet sections (0.5 m). Clearly, the measuring 
location of local radial parameters (i.e. void fraction, velocities, liquid temperature and other 
important values regarding the bubble size distribution) is at the end of the heated section (4.5 m 
far from the inlet). 
 
Table 6.1 Operating conditions of the selected experimental cases 
Case 
Inlet Pressure 
[MPa] 
Mass Flux  
[kg m-2 s-1] 
Wall Heat Flux 
(kW m-2) 
Inlet Temperature [°C] 
(Subcooling’s Degree) 
DEBORA 1 
2.62 
(26.2 bars) 
1996  
(~ 1.96 m s-1) 
73.89 
68.52  
(~ 18.3 °C) 
DEBORA 2 
2.62 
(26.2 bars) 
1985  
(~ 1.95 m s-1) 
73.89 
70.53  
(~ 16.3 °C) 
DEBORA 3 
1.46 
(14.6 bars) 
2028  
(~ 1.72 m s-1) 
76.20 
28.52  
(~ 29.3 °C) 
DEBORA 4 
1.46 
(14.6 bars) 
2030  
(~ 1.72 m s-1) 
76.24 
31.16  
(~26.7 °C) 
 
Since the local flow structures of the boiling flow were investigated at a wide range of flow 
conditions under high pressures, as known, in some circumstances two bubble groups including 
spherical and distorted bubbles (Group-1) and cap, slug and churn-turbulent bubbles (Group-2) 
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can be usually observed. The similar phenomenon of bubble size varieties occurred can also be 
found from Brooks’s and Ozar’s works [101] [5].  Nevertheless, in this numerical investigation, 
four cases from the experiments are selected to assess the prediction accuracy of the developed 
mechanistic model. Their operation details are presented in Table 6.1.  As mentioned by Garnier 
[6], the uncertainties of the void fraction, the volumetric interfacial area, the Sauter bubble Mean 
Diameter were ±0.02(2%), ±10% and ±12%, respectively. For the liquid temperature, the 
accuracy range was equal at ±0.2 °C. 
 
6.3 Simulation details 
In this modelling, two sets of the continuity equation, momentum equations of each phase 
and one energy equation of liquid phase were simultaneously solved based on the Finite Volume 
Method (FVM). To handle a coupling of velocity-pressure calculation the Semi Implicit 
(SIMPLE) algorithm was used [128]. The PBM (Homogenous MUSIG) was employed in order 
to track the bubble size distribution; hence, 10 extra transport equations were iteratively coupled 
with the flow equations [159]. These bubble groups were equally divided for bubble sizes 
between 0 mm and 10 mm. 
Because the geometry has a circular shape, thus only a quarter of the pipe could be used for 
this simulation. The total element was 13600, with the maximum grid sizes of 8.72×10-4 m in x-
direction, 5.00×10-3 m in y-direction and 8.72×10-4 m in z-direction. Wall heat fluxes, mass 
fluxes, and sub-cooling temperatures from the experiments were adopted as the boundary and 
initial conditions. Moreover, the realistic (variable) dichlorodifluoromethane (R12) properties at 
the considered flow operational ranges were adopted as the working fluid. For the turbulent term 
calculation, the k–ω SST model was adopted for the liquid phase and dispersed phase zero-
equation was employed for the gas phase [163]. 
At the wall boiling algorithm (RPI), the Fractal Analysis  [68], the Force Balance Model 
[75], and the Mechanistic Frequency model [22], were modified and implemented into the 
ANSYS CFX 14.5 (via the user FORTRAN files)). At the equations of the size fraction, 
additional source terms have been adopted to include the condensation effect. Also, in order to 
consider the nucleation terms, the evaporative heat sources were adopted at the size group 
equations which have the mean diameter close to the lift-off diameter. Among the simulation 
cases, the convergence was observed at below 1x10-5. 
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6.4 Results and discussions 
In this section, the predictions of the local mean radial profiles of void fraction, liquid and 
bubble velocities, and Saunter Mean Diameter from three different wall heat-partitioning 
approaches, are discussed with the DEBORA experimental data, and consist of i.) selected 
empirical correlations, ii.) original mechanistic approach, and iii.) developed mechanistic 
approach. The heat flux supplies, mass flux conditions, and the subcooling degree at the inlet 
during the tests were controlled at 73.89-76.24 kW/m2, 1985-2030 kg/m2s, and 16.3-29.7 °C, 
respectively. It is anticipated that based on this wide range of flow operational conditions, the 
accuracy of the developed mechanistic approach can be addressed in this study. It should be 
noted that all of the empirical results shown in this paper are from the very well-known works of 
Krepper et al. [23]. 
This section is divided into three main parts. First, the predicted results of two case studies 
(DEBORA 1 and DEBORA 2), operated under high pressure conditions (2.62 MPa) relevant to 
nuclear power systems, are depicted. They both have the same amount of heat supply at the wall 
(73.89 kW/m2). However, they have a slightly different value (~ 2 °C) of the inlet liquid 
temperature (Table 6.1). In the second part, the results from another two case studies (DEBORA 
3 and DEBORA 4), which operated at lower pressure (1.42 MPa), are presented. The difference 
between them is the level of the subcooling degree (29.3 °C and 26.7 °C).  
Physically, an alteration of the inlet temperature liquid at the same system pressure 
operation could result in a different number of bubbles nucleated on the heated surface. This is 
due to the inequality of the latent heat required near the heated wall along the height direction. 
Consequently, a high population of vapour bubbles may appear near the wall. Once their sizes 
become sufficiently large because of the coalescence interaction, they can move to the centre of 
the pipe. Eventually, this situation may lead to an occurrence of Group-2 bubbles (i.e. cap and 
slug bubbles).  
Because of having the vertical pipe shape with upward flow, employing the constant 
subcooled liquid properties in the simulation may reflect the outcome of the heat partitioning 
calculations and the flow structures near the boiling surface. All the simulations in this work have 
been performed by employing the variable materials (realistic R12 properties), whose properties, 
such as saturation temperature, density, viscosity, and latent heat, change following the local 
pressure and temperature values. The lower pressure and lower saturation temperature can be 
found at the higher location downstream. Hence, all the properties definitely keep decreasing 
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from the inlet to the outlet. In contrast, this physical fluid behaviour cannot be found from using 
the constant-property liquid for the whole flow domain.  
Regarding the change of subcooled liquid density in the fluid domain, the results of the 
predicted bubble size distribution may differ when using the single constant density as well. 
Therefore, in the third part, additional results of adopting constant and variable fluid properties 
based on the mechanistic approach are discussed. For instance, the values of void fraction and the 
liquid temperature near the heated wall are compared. This investigation is specifically attempted 
to address the need to adopt materials with realistic variable properties in the numerical 
simulations. 
6.4.1 Comparisons with DEBORA experimental data operated at 26.2 bars 
The predicted results of local mean radial profiles of void fraction, liquid temperature, 
Bubble Sauter Mean Diameter (SMD), and liquid and bubble velocities at the measurement 
location (4.5 m far from the inlet) from three considered approaches are compared with the 
experimental data (Figure 6.2). It should be noted that on each figure, the measuring results are 
plotted from the centre of the pipe ( 000.0r m) to the heated wall ( 010.0r m). The results of 
DEBORA 1 are shown in the left column and the figures on the right side are the resultant 
comparisons of the DEBORA 2 investigations.  
i) Void fraction 
Generally, a peak in the void fraction in these two cases, which have the inlet temperature 
difference, is found in the vicinity of the heated wall. This may be because a number of bubbles 
are nucleated on the hot surface (Figure 6.2(a)). In terms of physical bubbles, when they depart 
from the heated area and are exposed to a lower temperature (subcooled liquid), the sizes usually 
become smaller. As a result, the lower void fraction was in the radial direction away from the 
heated wall. In addition, the void fraction of DEBORA 2 was higher than the results of   
DEBORA 1. This may be because of the higher inlet temperature supplied.  
The predicted void fractions from the empirical correlation were captured well with the 
experimental data, except the region near the centre of the pipe. This may be due to more large 
bubbles flowing at the middle of the pipe. As mentioned by Tomiyama [151], normally, small 
spherical bubbles stay close to the wall, whereas larger ones like distorted/cap bubbles are 
pushed towards the centre of the pipe due to the change of the negative sign in the lift force. 
Further details regarding the lift-force studies can be found in a review paper by Hibiki and Ishii 
[90].  
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Due to the variable properties for the simulation cases using the mechanistic approaches, 
the developed one better captured the void fraction than the original model, especially at the 
region close to the heated wall. This may be because of providing a more accurate estimation for 
the portion of evapourative heat flux on the hot surface. Nevertheless, at the regions near the 
centre of the pipe, a slightly lower predicted void fraction was found among both the mechanistic 
approaches.  
In future work, instead of adopting the current constant lift-force coefficient ( 10.0LC ), 
introducing other mechanistic lift coefficient models, for example, Tomiyama’s model [151] and 
Merle’s models [152], can possibly improve the capture of the void fraction. Noticeably, the void 
fraction for the case adopting the developed mechanistic approach was found to be lower than the 
original one. This discrepancy could lead to an increase in other components of heat, especially 
the convective heat that goes to the bulk liquid at those heated areas and is not influenced by 
attached vapour bubbles, and consequently could result in a higher liquid temperature. 
ii) Liquid temperature 
The liquid temperatures from using different modelling approaches are compared and 
depicted in Figure 6.2(b). In general, this local parameter can be simply determined from the 
amount of convective heat from the wall. It should be noted that the bulk liquid temperature may 
be raised due to gaining mass and heat transfer at the interfacial area of the flowing vapour 
bubbles. As a physical consequence, the bubble sizes become smaller because of this 
condensation process.  
According to the figure showing the results of DEBORA 1 and DEBORA 2, the developed 
mechanistic approach shows an outstanding prediction compared to the other method. Among the 
cases adopting the developed mechanistic approach, the difference between the predicted liquid 
temperature and the experiment was less than ±1.0 K. Therefore, this low discrepancy may be 
used to point out the potential of our developed mechanistic approach in predicting the subcooled 
boiling flow at high pressure. 
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iii) Liquid and bubble velocities 
As shown in Figure 6.2(c), the predicted bubble and liquid velocities for DEBORA 1 and 
DEBORA 2 of the selected approaches are higher than the experiment near the heated wall. 
However, the predicted values are close to the experimental data at the locations far from the 
wall. Among the results, using the empirical model was found to provide a closer capture with 
the experiment than the mechanistic approaches.  
Nevertheless, this calculation may contain an error, since the higher reality of fixed liquid 
and bubble densities was employed in the modelling. As a physical quantity of fluids, the values 
of liquid and bubble densities are fundamentally decreased following the height of the flow-
domain. Hence, in terms of numerical technique, using the single-valued density for the velocity 
calculation is not relevant to the reality.  
Comparing the mechanistic approaches, the developed model was found to have a lower 
predicted velocity than the original approach. This slightly agreed capture may be linked with a 
result of representing better predictions of the void fraction. Normally, the calculations of 
velocity are indirectly influenced by local liquid temperature. Due to high liquid temperature and 
low densities at the regions close to the hot surface, the highest gap between the predicted bubble 
velocities and the experimental data (about 0.40 - 0.50 m/s (DEBORA 1 & DEBORA 2)) were 
found at that near-wall region (r = 4.37×10-4 m).  
Also, it can be seen from Figure 6.2(c) that the empirical correlation method gives slightly 
lower values of the predicted velocity when compared with other mechanistic approaches. 
However, this could be because the value of the constant-liquid density in that region is higher 
than the density of the cases of mechanistic approaches for which the realistic properties of R12 
are employed. Although the scalable wall function was intentionally employed in the simulations, 
the complexity of the bubble-induced turbulence’s motion near the boiling surface may not be 
fully coped with by using them.  
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b) Liquid temperature 
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c) Liquid and bubble velocities 
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d) Bubble Sauter Mean Diameter (SMD) 
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e) Superheating temperature 
 
Figure  6.2 Comparisons of local mean radial profiles of interested parameters and superheating 
temperature of predicted and experimental data of DEBORA 1 and DEBORA 2 
 
iv) Bubble Sauter Mean Diameter (SMD) 
The predicted bubble Sauter Mean Diameter and the experimental results of both 
DEBORA cases at the measuring plane are compared and depicted in Figure 6.2(d). The 
experimental results of the bubble size indicate that the bubbles are largest at the mid-way point 
between the pipe centre and the heated wall, and this may be because of having a large amount of 
coalescence interaction in that region. This phenomenon of bubble size distribution is slightly 
different from the previous research studying low pressure conditions [2], as the largest sizes are 
usually found at the heated wall. The different phenomenon may be a result of having the smaller 
departure sizes of vapour bubbles when operating in high pressure conditions. It could also be 
due to a low occurrence of bubble interactions (i.e. the sliding before lift-off and the merging 
without sliding of nucleated bubbles) on the hot surface.  
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Noticeably, the experimental SMDs from the DEBORA 1 and DEBORA 2 cases near the 
wall were found to be about 0.22-0.24 mm. The sizes became larger following the longer 
distance from the boiling wall. It should be noted that a slight decline in the size occurred near 
the centre of the pipe, and this small reduction could be because the heat and mass from the 
bubbles are transferred into the lower temperature bulk liquid as an occurrence of the 
condensation process. From the figure, the biggest sizes of the cases of DEBORA 1 and 
DEBORA 2 are found to be about 0.50 and 0.55 mm respectively. The difference in the SMD is 
because they were operated at different inlet liquid temperatures (the subcooling degree).  
Among the prediction results, the SMD from using the mechanistic approaches and the 
empirical correlation has a similar trend to the DEBORA 1 and DEBORA 2 experimental data, 
with the exception of the regions close to the heated wall. As can be noticed from Figure 6.2(d), 
an increase in the SMD of the empirical case is found at the location near the wall, in contrast to 
both mechanistic approaches, which provide a slight decrease in the size, and this is relevant to 
the experimental results.  
Due to adopting the variable properties for the mechanistic approach cases, the lower 
density happened near the boiling surface, while the higher density occurred at the regions far 
from the heated wall because of the lower temperature. The discrepancy between the modelling 
approaches could be a result of having non-constant density in the flow domain. As clearly seen 
from the section of PBM, the density is one of the main factors involved in calculating the bubble 
interactions at the PBM. Thus, the non-uniformity of density in the flow domain may reflect the 
values of the coalescence and break-up rates.  
The performance of many proposed bubble-interaction kernels for the PBM have been 
investigated and evaluated by Deju [102, 104, 153], Cheung [105], and Vahaji [115]. Regarding 
their assessment works, it can be concluded that no combination of them has been used for a 
simulation of subcooled boiling flow so far. Nevertheless, in order to enhance the current 
prediction accuracy, addressing the poor capture of the SMD near the heated wall region is 
required.  
v) Superheating temperature 
Usually, the wall-superheating temperature can be represented as the amount of heat 
remaining in the boiling surface to superheating the nucleation site for vapour bubble generation. 
Therefore, comparing the wall temperature can give an idea of the proposed model in terms of its 
prediction accuracy. According to the mechanistic approach, this temperature value is dominated 
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by the amount of the conductive term (quenching heat) on the heated wall. In general, an over-
predicted value of the superheat temperature can be found when the quenching term estimation is 
lower than the actual phenomenon. In that case, it can be implied that the amount of the predicted 
heat remaining in the wall may be higher than the experimental occurrence.  
In Figure 6.2(e), the predicted superheating temperatures of the different approaches are 
plotted to compare with the experimental data. Due to the availability of experimental data, only 
the results of the locations above 2.5 m at the heating-section can be used in this comparison. 
According to the experimental data (DEBORA 1 and DEBORA 2), the superheating 
temperatures were between 2.30-2.90 K and 2.40-3.00 K, respectively.  
The predicted values of the superheating temperatures are obtained by fitting the curve of 
the available experimental data. Afterwards, these satisfactory values are continually used for 
finding the appropriate coefficients for the nucleation site density formula. In other words, using 
the empirical correlation, the calculation of nucleation site density is indirectly obtained from the 
process of such parameter calibrations. In contrast, the superheating temperatures of the 
mechanistic approaches are directly gained from the calculation of heat partitioning with the RPI 
algorithm. In terms of numerical explanations, the superheating temperatures of the mechanistic 
approaches are calculated based on physical considerations of the bubble mechanisms on the 
heated wall.  
As mentioned earlier, the current developed mechanistic approach differs from the original 
one in that it incorporated more essential physics of bubble interactions, i.e. the condition of 
sliding, merging during sliding on the heated wall, and merging without sliding. These 
implementations may significantly affect the calculations of the superheating temperature, as 
well as the evapouration and quenching heat portions.  
According to Figure 6.2(e), good agreement between the predicted wall temperatures and 
the experiments can be found from the considered approaches. Comparing the mechanistic 
approach along the height of the heated section, the wall temperature results of the original case 
(both DEBORA 1 and DEBORA 2) were higher than that observed in the developed model. This 
may be because of having a consideration of bubble sliding before lift-off in the model. Then, the 
influenced area by the attached bubbles may be higher than the actual situation. As a 
consequence, the over-predicted values of the quenching term could occur, and eventually, the 
predicted wall temperature was higher than the developed mechanistic approach.  
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vi) The percentage of wall heat partitioning 
In this research, the developments of the mechanistic approach have been carried out, and 
the variable fluid properties have been incorporated into the modelling. As per the expectation, 
the current calculations of the superheating temperature of the heated wall can be precisely 
investigated; eventually, this could help to enhance the prediction accuracy of the wall heat 
components. This achievement will be detailed in the following section regarding the discussions 
of the percentage of wall heat partitioning.  
At the beginning of the heated section (1.00-2.50 m.), there is no experimental data of the 
wall temperature to be benchmarked with the predictions (see Figure 6.2(e)). Unlike with the 
empirical correlation cases, the higher values of the predicted superheating temperatures from the 
mechanistic approaches were found in this near-inlet section. Based on the physical view of mass 
and heat transfer, this discrepancy may be because the heat (a quenching term) remains in the 
wall more than the cases of the empirical data at those locations. Assuming that there is a higher 
amount of the heat transferred into the bulk liquid further downstream, the superheating 
temperature could be dropped due to the lower amount of the heat remaining on the boiling 
surface.  
At present, the wall temperature is decreased about two-thirds of the heated testing section 
from the inlet, and this may be due to a representation of higher quenching and evapourative 
levels at those regions. Further downstream, especially near the exit, the increase in the wall 
temperature can be noticed, which may be caused by having a higher amount of the evapourative 
heat (many bubbles nucleated). Using this developed mechanistic approach prediction can 
provide the trend of the wall temperature alongside the experimental data. 
Figure 6.3 presents the comparisons of the average dividend percentages of each heat flux 
component along the wall height for both DEBORA 1 and DEBORA 2. In the left hand column, 
the prediction results from the developed mechanistic approach are given, and in the right, the 
simulated results from using the empirical correlation investigated by Krepper et al. [23] are 
shown. There is no doubt that there is a significant difference in the amount and trend of the 
quenching heat along the wall height (Figure 6.3). The percentage of the quenching heat of the 
cases using the mechanistic approach reaches the peak at a certain length (~3.4 m. for DEBORA 
1 and ~3.0 m. for DEBORA 2), and afterwards, a downward trend can be found until the end of 
the heating section. Conversely, the results from the cases of the empirical correlation are found 
at the lower percentages and the change of the value can be clearly seen as the smoothed line.  
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Developed Mechanistic Approach Empirical Correlation [23]  
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Figure  6.3 Comparisons of averagely contributed percentages of heat flux along the wall height 
between our developed mechanistic approach and the empirical correlation                     
of DEBORA 1(top row) and DEBORA 2 (bottom row) 
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Since the maximum of the heat (quenching) used to superheat the nucleation sites were 
represented at about 60% for both case conditions (DEBORA 1 and DEBORA 2), the quenching 
term plays an important role while using the mechanistic approach. Nonetheless, the maximum 
of the evapouration heat (the case using the developed mechanistic approach) was lower (~70-
75%) than the empirical correlation, and these values can be seen near the exit of the heated 
section, where a low gap between the liquid and wall temperature was represented. Interestingly, 
the percentages of the convective heat were at almost zero near the exit regions (Figure 6.3 (left 
column)), and this implies that almost 100% of the heated area was used to generate the vapour 
bubbles. However, to confirm this phenomenon, the results of the experimental observation are 
unfortunately not available.  
6.4.2 Comparisons with DEBORA experimental data operated at 14.6 bars 
The mechanistic models are further introduced to investigate their capabilities when the 
simulations of subcooled boiling flow are considered at a lower pressure. Generally, these 
selected cases (DEBORA 3 and DEBORA 4) have a slight difference in the inlet liquid 
temperature. The comparisons among the considered parameters between the predictions and the 
experimental measurements can be seen in Figure 6.4. The graphs in the left column provide the 
results of DEBORA 3, and the resulting comparisons of DEBORA 4 are presented in the right 
column. In the cases with higher pressure, the void fractions peaked in the vicinity of the heated 
wall. However, in this comparison, the volumes of vapour bubbles in the pipe among cases with 
this lower pressure condition were lower than for the higher-pressure cases. Apart from the 
pressure, there is only a slight difference in the heat supplies and the mass fluxes.  
Table 6.1 demonstrates that this phenomenon may be mainly due to a significant difference 
in their subcooling degrees, as the gap between them was at least 10°C. Certainly, in order to 
generate the bubbles at those surfaces, the heat required to change the phase from liquid to 
vapour must be higher than for those cases operating at a higher pressure. This similar behaviour 
is confirmed by a comparison between the same pressure cases (DEBORA 3 and DEBORA 4). 
Figure 6.4(a) demonstrates that there was only a 2.6°C liquid temperature difference at the inlet 
and a significant gap in the void fractions can be observed. 
i) Void fraction 
Comparing the considered approaches, the predicted void fractions from using the 
developed mechanistic approach provided better captures when compared with the experimental 
data of DEBORA 3 and DEBORA 4. This may be due to obtaining more accurate predictions of 
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the heat and mass partitions, especially the evapourative term, compared to the other two 
approaches. The circumstance of a bubble sliding on the wall (the original mechanistic approach) 
could lead to an over-prediction of the quenching heat component because of having a high 
portion of the area influenced by vapour bubbles.  
Also, this situation may be subsequently causing the higher numbers of the superheating 
temperature and the nucleation site density. Although both mechanistic approach cases were 
simulated using the same variable fluid properties, adopting the conditions of the sliding and 
other bubble interactions could also give different results during the estimations of the heat 
components. After investigating at the RPI algorithm, the situation of bubble lifting-off with no-
sliding was found while calculating the quenching coefficient at the measurement location under 
these operating conditions.  
ii) Liquid temperature 
Regardless of the bubble dynamics, the liquid temperature can also be used to evaluate the 
numerical accuracy, especially the wall heat partitioning model. As shown in Figure 6.4(b), the 
liquid temperatures from using different approaches are compared with the experimental data. 
Normally, the liquid temperature is directly affected by the value of the convective heat 
component. Apart from the convective heat coefficient, the uninfluenced area from the nucleated 
bubbles is another dominated parameter involved in calculating the convective portion. From the 
figure, the temperatures of the liquid from the empirical correlation are over-predicted.  
On the one hand, this may be due to a high number for the convective area; consequently, a 
large amount of heat came out from the heated wall. On the other hand, it should not be forgotten 
that this gap could be an error caused by defining the constant properties over the entire domain, 
particularly the saturation temperature. In contrast, the predictions of the liquid temperature from 
the original mechanistic approach were found to be lower than the DEBORA 3 experimental 
data. Overall, the better captured results were found using the developed mechanistic approach, 
and this may be due to the lower value of the unattended area of bubble nucleation. Presently, the 
discrepancies between the predicted liquid temperatures of DEBORA 3 were lower than for the 
experiments at about 1.0-1.2°C, and for the case of DEBORA 4, it was slightly higher (about 0.5-
0.8°C).  
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iii) Liquid and bubble velocities 
As seen in the experimental data of DEBORA 3 in Figure 6.4(c), due to having no flowing 
bubbles at locations far from the heated wall, there are no experimental results displayed on the 
graph of those locations. Unlike the experiments, because the minimum bubble size in the 
numerical simulations cannot be set as zero, there should be values for the bubble velocity in the 
simulation. The figure demonstrates that the higher-pressure cases were from the simulations of 
DEBORA 3 and DEBORA 4, as the over-predicted velocities were noticed at the regions near the 
heated wall (see Figure 6.4(c)).  
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a) Void fraction 
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b) Liquid temperature 
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c) Liquid and bubble velocities 
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d) Bubble Sauter Mean Diameter 
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e) Superheating temperature 
 
Figure 6.4 Comparisons of local mean radial profiles of interested parameters and the 
superheating temperature of predicted and experimental data of DEBORA 3 and DEBORA 4 
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Among the approaches, the empirical correlation method gave slightly the lower values of 
the predicted velocity when compared with other mechanistic approaches especially at the near-
wall region. This may be due to a lower constant value of density at that region. Significant 
reductions of bubble velocities occur with the improved mechanistic approach; this is a result of 
the lower void fraction occurrence. As shown in Figure 6.4(c), the gap between the predicted 
bubble velocities and the experimental data (DEBORA 3 and DEBORA 4) was about 0.40-0.50 
m/s at the near-wall region (r = 4.37×10-4 m).  
Currently, the predicted results confirm the limitation of using the conventional CFD wall-
function treatment. It seems likely that at the heated wall regions, the predicted turbulent 
intensity of the gas may be lower than in the experiment. Unfortunately, there is no any 
experimental data to compare with the simulation results. Končar [155] notes the upgrade 
requirement of the mechanistic two-phase wall function in order to handle the complexity of the 
bubble-induced turbulence’s motion. Due to a comprehensive consideration of this bubble 
disturbance, Colombo and Fairweather [156] have recently attempted to implement the additional 
source terms into the turbulent equations. Nevertheless, to improve the predicted radial velocity 
profiles, these recent developments should be considered in future work.  
iv) Bubble Sauter Mean Diameter (SMD) 
As depicted in Figure 6.4(d), the bubble Sauter Mean Diameter of both experimental cases 
become bigger (especially the DEBORA 4 case) after leaving the heated wall, and this 
phenomenon could occur due to the random collisions of the flowing bubbles. At the far region 
from the heated wall, the sizes are slightly reduced, and this may be because of the breakage due 
to the turbulent impact. After the coalescence interaction, once their sizes become sufficiently 
large, these cap and slug bubbles should move to the centre of the pipe. Currently, at these flow 
operations, there are no such large bubble occurrences at the centre of the pipe. This could imply 
that at the middle region, the bubbles disappear due to the condensation and/or the turbulent 
impact. Some useful explanations regarding the mechanisms of bubble interactions can be found 
in Cheung’s paper [97].  
In addition, in the same figure, near the heated wall, the SMDs from the experiments 
DEBORA 3 and DEBORA 4 were about 0.30-0.32 mm, and these sizes have similar diameters to 
the bubble departures from the heated wall. After comparisons with the previous cases, it was 
found that their sizes were bigger than for those cases operating at higher pressure (DEBORA 1 
and 2). The biggest sizes of both DEBORA 3 and 4 are about 0.60 and 0.80 mm respectively. 
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Again, the difference in the SMD among them is because they both had different inlet 
temperatures of the refrigerant.  
According to Figure 6.4(d), the significant discrepancies of the predicted SMD are found 
among the prediction results when compared with the experimental data, especially in the regions 
close to the heated wall of DEBORA 4. Noticeably, the experimental bubble sizes at that region 
are higher than the predictions, and this under-prediction situation could be a result of having a 
lower rate of bubble merging than the actual situation in those regions. Regarding the PBM 
equations, the predicted diameters in the flow domain are physically obtained from the 
calculations of the break-up and coalescence source terms.  
In order to both increase the merging rate and reduce the breakage rate, apart from using 
the kernels of Prince and Blanch [110] and Luo and Svendsen [111], other coalescence kernels 
may be adopted in the modelling as well. It is anticipated that this method could provide a better 
capture of the current bubble size distribution, especially for the peak and trough locations. As 
mentioned earlier, the working-fluid properties, especially the density, may affect the 
calculations of the bubble interactions at the PBM. So far, no studies have developed the bubble 
interaction kernels under the refrigerant condition. However, an attempt to calibrate the available 
kernels by varying the breakage and coalescence by using the efficiency factors can be found in 
the work of Krepper and Rzehak [164]. 
v) Superheating temperature 
Generally, comparing the results of the superheating temperature along the height of the 
heated wall can be used to indirectly evaluate the capability of the selected approaches. This is 
because the superheating temperature can represent the portion of heat serving the nucleation 
sites for vapour bubble generation (the conduction). The predicted superheating temperatures of 
the different approaches are compared with the experimental data (Figure 6.4(e)). The 
superheating temperatures of the experiments of DEBORA 3 and DEBORA 4 were between 
4.00-4.80 K and 4.10-4.90 K, respectively. For the prediction results of these two cases, it can be 
seen that the original mechanistic approach gives an over-predicted superheating temperature 
(~1.0-3.5 K) along the height of the heated wall. In this situation, the influenced area occupied by 
the sliding bubbles is higher than the actual situation; consequently, it may result in high values 
of the quenching component.  
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Developed Mechanistic Approach Empirical Correlation [23]  
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Figure  6.5 Comparisons of average predicted percentages of wall heat components along the 
height between our developed mechanistic approach and the empirical correlation              
of DEBORA 3 (top row) and DEBORA 4 (bottom row) 
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From the figures, it is evident that better agreements between the predicted wall 
temperatures and the experiments can be found by adopting the developed mechanistic 
approaches. The maximum differences in the superheating temperatures between the predictions 
and experiments were less than 1.8 K. Therefore, the present work demonstrates that the 
quenching term plays a significant role in the calculation of the superheating temperature. More 
importantly, although the availability of the wall temperature data is limited for this comparison 
purpose, employing the developed mechanistic approach in the modelling can provide the trend 
of the wall temperature alongside the experimental data.  
vi) The percentage of wall heat partitioning 
In the DEBORA experiments, the refrigerant properties (for example, saturation 
temperature, liquid and vapour densities, and the latent heat) are normally changed along the 
heated section height (3.5 m.). This alternation should directly reflect the calculations of the local 
flow parameters. Figure 6.5 shows that the significant differences between the two selected 
methods are the values of the evapourative and quenching percentages. The figures clearly 
demonstrate that the results from using the empirical correlations for DEBORA 3 and DEBORA 
4 are increased from the inlet and reach the peak (~65-75% of the heat supplies) at the exit of the 
heated section.  
Among the approaches, the evapourative heat percentages from using the mechanistic 
approach were found at the lowest for the whole length of the heated wall. The maximum values 
were at around 25-30%, occurring at the outlet. These low amounts can be used to confirm the 
situations of having a low void fraction in the flow domain, as discussed earlier. The quenching 
portions were again found to be the dominant mass and heat transfer mechanisms on the heated 
surface. This was because of having low liquid temperature at the inlet; as a consequence, a great 
deal of heat may be required to support the nucleation sites during the production of the vapour 
bubbles.  
Comparing the cases of higher pressure operations (DEBORA 1 and DEBORA 2, Figure 
6.3), the maximum values of these quenching terms are similar; however, they occur at different 
locations. One possible reason could be feeding the flow system with a lower inlet liquid 
temperature. As shown in Table 6.1, their subcooling degrees are higher than for DEBORA 1 
and DEBORA 2, at about 8.4-13.0 K. Hence, increasing the bulk liquid temperature near the wall 
to be above saturation usually requires a large amount of heat to nucleate the vapour bubbles.  
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Figure 6.5 clearly demonstrates that the percentages of the convective heat of the 
DEBORA 3 and DEBORA 4 cases remain above 70% of the total heat supplies for the first half 
of the wall height. These convective components are also higher than the other two cases 
(DEBORA 1 and DEBORA 2) for almost the whole length of the heated wall (Figure 6.3). This 
mass and heat mechanism would consequently delay the peak of the vapour bubble generation 
occurring at higher locations.  
According to the current investigations, this can reveal outstanding performance of the 
variable refrigerant properties together with the developed mechanistic wall portioning model for 
predicting the subcooled boiling flow. Nonetheless, to clarify the physical mass and heat transfer 
on the heated wall while using this mechanistic approach, further information on local parameters 
at the near-wall site and in a parallel direction is needed and is presented as follows. 
6.4.3 Calibrations of bubble interaction kernels 
The use of the kernels of Prince and Blanch [110] and Luo and Svendsen [111] for 
capturing the bubble size distribution of the subcooled boiling flow with an introduction of the 
wet-steam properties had very good agreement with our previous studies [165]. However, this 
study uses them without any further modifications. A satisfactory agreement could not be 
obtained for all of the simulation cases. This is possibly because the kernels were originally 
formulated based on the studies of the experimental systems using air-water and oil-water as the 
working fluids. In order to adapt the model for different fluid densities like the refrigerant, for 
which the density of vapour bubbles is much denser than the system of the wet-steam, a 
calibration may be required.  
It is possible that the breakage and coalescence rates of the refrigerant system are currently 
lower than the air bubbles due to the increased density of the fluid particles. When using 0.20 of 
the efficiency factor for the breakage kernel and 0.60 for the coalescence kernel, better agreement 
between the simulations and experiments of DEBORA 1 and DEBORA 2 can be obtained 
(Figure 6.6). It should be noted that this calibration step was done due to an attempt to establish 
the capability of the selected kernels. Therefore, development of the breakage and coalescence 
kernels must be conducted in the future. 
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Figure  6.6 Comparisons of local mean radial profiles of predicted bubble Sauter Mean 
Diameter (SMD) between before and after the calibrations 
 
6.4.4 Realisations of employing different fluid materials  
To elucidate the effects of using different material properties in the simulations of the 
subcooled boiling flow, the results, including the liquid and bubble velocities, void fraction, 
liquid temperature, and saturation temperature, are discussed in this section. Figure 6.7 shows 
that the predicted velocities of the liquid and bubble from two different fluid material properties 
are plotted against the experimental data. The results of DEBORA 3 and DEBORA 4, which 
used different materials, indicate different values of the velocities.  
In reality, the densities of liquid and gas phases are reduced following the height of the 
heated wall, due to the reduction of the pressure. At the same elevation, the densities of bubble 
are consequently represented at lower values when a higher liquid temperature near the heated 
wall is introduced. These densities are increased following the distance far from the heated wall.  
In the simulations, using constant values of densities (i.e. ~ 85 kg/m3 for the bubble and 
~1180 kg/m3 for the liquid) of the inlet condition for the whole flow domain resulted in the liquid 
and bubble velocities at the measurement location being lower than the case of adopting the 
variable properties. This may be because the density of the constant properties for the cases in 
that region was higher than for the cases that used the variable ones. The density differences of 
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the bubble at the measuring location between the constant property case and the realistic property 
case were 85.1 kg/m3 and 81.4 kg/m3, respectively.  
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Figure  6.7 The predicted velocities of gas and liquid when adopting the constant and 
variable fluid properties in the modelling 
 
To observe the difference in the local flow structure while specifying different liquid 
properties (Wet-Steam and constant-property liquid), the void fraction profiles, the subcooling 
degree, and the saturation temperature near the heated wall are discussed and presented in Figure 
6.8. These parameters were collected from the first nodes parallel to the heated wall (~0.0008 m) 
along the height of the heated wall. The figures demonstrate that the bulk liquids of the presented 
cases have a subcooling temperature of around 26.7-29.3 K at the inlet.  
After flowing up and absorbing the heat from the hot wall, the refrigerant gradually 
becomes a slight subcooling liquid near the end of the heated section. It should be noted that the 
refrigerant of DEBORA 3 was actually fed at the lowest temperature compared to the others. 
According to this case study, when adopting different fluid properties in the simulation case, the 
local parameters (i.e. void fraction and subcooling degree) monitored can be regarded as the 
minimum of the possible discrepancy. 
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The saturations of the cases using variable properties are reduced from 331.3 K (at the 
inlet) to around 329.1 K at the outlet of the testing section (see Figure 6.8). Indeed, the saturation 
values of the cases adopting the constant properties remain the same throughout the whole flow 
domain. Regarding this difference in their property characteristics, the amount of heat required to 
change the phase from liquid to vapour near the heated wall must be different. For the constant-
property cases, it is not only a portion of the sensible heat but also the latent heat component that 
requires a higher amount. In this situation, the latent heat is also fixed to be constant for the 
whole calculation. In contrast, for the case of using variable properties, these two parameters 
keep reducing along the height direction following the pressure reduction.  
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Figure 6.8 The predicted values of void fraction, subcooling degree, and saturation temperature         
near the heated wall when adopting constant and variable liquid properties 
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Moreover, the subcooling degree of both fluid property simulations is reduced downstream. 
However, the subcooling degree for the cases using variable materials was reduced slightly faster 
than the cases with the constant properties. Currently, using the variable properties, the 
absorption rate of heat for the bulk liquid was higher than the fixed property cases. Again, the 
lowest difference between the liquid temperature and the saturation temperature of DEBORA 3 
and DEBORA 4 was found in the cases using variable material properties, and they were about 
4.8 K and 1.8 K, respectively. 
For the void fraction, the predictions of using the constant properties are slightly lower than 
the variable material properties. It is clearly seen from the DEBORA 3 case that the void fraction 
remains at zero for a certain length (0.5 m.) at the heated section. This may be because of a low 
inlet temperature (high subcooling degree). For DEBORA 4, the predicted void fraction starts to 
steadily increase from the beginning of the heated section with a certain distance. Noticeably, this 
value is suddenly increased at the region near the exit of the heated section. Ahmadi [157] 
explains that the sudden increase in the void fraction could occur when the subcooling degree 
becomes low enough for some flowing bubbles, and it is reattached to the heated surface after the 
departure. Beyond this point, a significant increase in the void fraction consequently begins. In 
the adiabatic zone, a reduction in the void fraction could have occurred because the vapour 
bubbles were getting smaller and/or disappeared due to the condensation. At this near-wall 
location, the maximum discrepancies of the void fraction between the cases adopting constant 
and variable properties were 0.50 (DEBORA 3) and 0.80 (DEBORA 4), and they occurred at the 
outlet of the heated section.  
The current results indicate the significance of introducing realistic fluid properties in the 
simulation. Assuming that the heated section length was shorter than for the DEBORA 
experiments (3.5m), employing the fixed properties in the modelling could be acceptable as well. 
This is because there would be a small gap for the fluid properties in that situation, especially the 
saturation temperature and the latent heat. The simulation could not be used to reflect the 
outstanding potential of hiring the variable material for the subcooled boiling simulation. 
Therefore, introducing the realistic refrigerant properties has the potential to capture the realistic 
behaviour of subcooled boiling flow. In future work, the experimental data regarding the local 
parameters (i.e. void fraction and subcooling degree) near the heated wall should be observed to 
support this numerical exploration.  
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6.5 Conclusion and recommendations for future work 
In this work, the mechanistic approach of the wall heat-partitioning algorithm, consisting of 
Fractal Analysis, the Force-Balance Approach, and Mechanistic Departure Frequency, has been 
successfully developed for capturing physical mechanisms of heat and mass transfers of 
subcooled boiling flow. The performance of this developed model has been specially assessed 
with the flow operations at high pressure. Employing the variable refrigerant liquid (R12) as 
working-fluid properties, the local parameter predictions along the heated wall, for example, void 
fraction, liquid temperature, and heat components, especially the evapourative portion, have been 
improved. According to the comparisons between the selected approaches and the experiments, 
the following conclusions can be drawn: 
• Empirical correlation, original mechanistic, and developed mechanistic approaches 
are capable of predicting the subcooled boiling flow at high pressure. Nevertheless, the 
cases using the recently developed approach can provide outstanding prediction accuracy 
over the considered flow conditions.  
• Using the mechanistic approach, the predictions of void fraction liquid temperature 
Bubble Sauter Mean Diameter (SMD) superheating temperature are in very satisfactory 
agreement with the experimental data, with the exception of the bubble and liquid 
velocities, which have been found to be over-predicted near the heated wall and under-
predicted at the centre of the pipe. Hence, the effect of the bubble’s motion on the 
turbulence near the heated wall must be further elucidated, and the current wall-function 
model must be further developed.  
• When employing the variable (realistic) properties in the modelling, the quenching 
term plays a major role in the calculations of the wall heat-partitioning algorithm further 
downstream. This heat component is found to change following the amount of local heat 
required to serve the active cavity sites for the bubble nucleation. 
• Comparing the results from using different material properties, an in-depth 
understanding of subcooled boiling flow can be gained, and the important parameters 
required for code development can be determined for future experimental studies. Because 
of having vertical geometry, the introduction of variable fluid properties may be beneficial; 
however, the height of the heated wall is a crucial component.  
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Although the developed mechanistic approach can provide significant progress in terms of 
the modelling prediction accuracy, the author still believes that there is a gap in the research. 
Recently, a number of developed force balance approaches have been formulated due to a more 
precise consideration of the heat and mass transfer mechanisms during the bubble’s growth [124, 
141, 145, 146]. Thus, by embedding these bubbles’ physics, perhaps the aim of this generic 
mechanistic approach, in terms of predicting the subcooled boiling flow over a wide range of 
flow conditions, could be achieved. In addition, an investigation of the Population Balance 
Model (PBM), especially the capability of the available coalescence and breakage kernels, is 
required in future studies. 
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Chapter 7                                                                         
Accomplishments and Recommendations 
   
7.1 Summary of accomplishments 
Over the past decades, investigating the capability of existing CFD wall-boiling models for 
predicting the heat components of subcooled boiling flow, i.e. convective, conductive, and 
evaporative heat, has become a crucial issue for the safe operation of boiling applications, 
industrial thermal systems, and nuclear reactors. Generally, by comparing the locally predicted 
parameters of subcooled boiling flow (i.e. void fraction, velocity, the temperature of liquid, and 
the size distribution of bubbles), the performance of proposed models can be assessed, and their 
drawbacks can be underscored for further development.  
 To date, a number of empirical correlations have been formulated to assist in the prediction 
of bubble factors required for estimating heat partitions on the boiling surface, where the phase 
change can be observed. Nevertheless, the existing empirical models are usually applicable for a 
limited range of flow conditions. Furthermore, when introducing them for prediction at different 
flow situations, further calibration may be required. Thus, it is desirable to establish a generic 
approach that can predict flow boiling across a wide range of flow conditions.  
Instead of using empirical correlations for predicting heat flux partitioning at the heat rod, a 
mechanistic approach, formulated based on considerations regarding the essential physics of 
nucleated bubbles, is introduced in this research. According to expectations, the proposed 
approach should eventually be useful for predicting subcooled boiling flow at a broad range of 
flow situations. To gain reliability and conduct an in-depth analysis of the proposed approach, a 
validation study should be performed. Prior to developing the constitutive numerical technique, 
such an investigation should be a compulsory routine. At the same time, the underlying physics 
of this flow phenomenon can be also elucidated.  
Specifically, the generic approach, which consists of a number of mechanistic models, 
including fractal analysis, the force balance model, and the mechanistic frequency model, has 
been successfully implemented and further developed. Additionally, the assessment works 
particularly in terms of its prediction capability, which has been precisely investigated for a 
considerable range of flow conditions. Overall, the majority of research progress and 
contributions gained by this study can be summarised as follows. 
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7.1.1 Implementations of proposed mechanistic models 
Essentially, this task was performed by embedding all of the proposed mechanistic models 
in the CFD programme. The difficult part was correctly communicating with the built-in modules 
(the RPI algorithm) and making them function properly. An in-depth understanding of the RPI 
algorithm was certainly required. Overall, the primary successful aspects of this task can be 
presented as follows.  
 Five FORTRAN subroutines of the mechanistic models were successfully coded and 
implemented in the wall-boiling (RPI) algorithm of the ANSYS CFX 14.5 program. These 
constituted closures were employed for calculating the important parameters at heat partitioning, 
including (i) nucleation site density; (ii) bubble departure diameter; (iii) bubble frequency; (iv) 
the quenching heat coefficient; (v) waiting time.  
 In addition to the implementations, additional sources representing the evaporative 
heat due to bubble nucleation on the heated wall were also adopted to be involved with the 
calculation of the bubble size groups, where their mean diameters were close to the bubble 
departure diameter.  
 In order to gain smooth calculations at the RPI algorithm, an expression called H1F 
was specifically created for calling “Air at 25°C | Water at 25°C. The term ‘convective heat 
transfer coefficient’ was represented as a link for defining the values of the single-phase 
convection coefficient.  
 Using the ‘GETVAR utility function’, the values of the convective heat transfer 
coefficient of each node on the heated wall could be considered as involved during the 
calculations in all FORTRAN subroutines. It should be noted that this coefficient is specifically 
used to replace the existing wall-function, and is essentially calculated based on the Ranz-
Marshall correlation. 
 Since the mechanistic approach is considered the heat flux ranging from the smallest 
to possible largest active cavity diameter, there is a requirement for removing the original 
evaporation term inside the software. Briefly, the built-in formula for the evaporative term can be 
deduced by attaching the same calculation inside the calculation for the bubble departure 
frequency.  
 To ensure that the calculations are working properly, the real-time values of the 
parameters on the heated wall, for example, the evaporative mass flux at the selected nodes, are 
specifically monitored. By putting such command functions in the Fortran (waiting-time) 
subroutine, during running the simulation, the interested values can be seen on the command 
screen and/or written down as the output files.  
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7.1.2 Validation study under different fluid material properties at low pressure 
 Following the implementations, the validation investigation was conducted due to the 
requirement of exploring the current prediction accuracy of the proposed mechanistic approach. 
The experimental data that operated at low pressure were used to simulate this subcooled boiling 
flow. Special attention was directed at an evaluation of this mechanistic approach by using 
different (constant and variable) fluid properties. According to this validation study, the 
conclusions can be summarised as follows. 
 For the case studies operating at low-mid heat and mass fluxes (Lee’s experiment), 
simulations using a constant-property liquid and the wet-steam material both provided good 
agreement with experiments. Additionally, their results were found to have comparable accuracy.  
 While predicting the cases that operated at higher (mid-high) mass fluxes (Yun’s case 
studies), the void fraction and the SMD for the cases using the wet-steam materials gave better 
agreements with the experimental data. Following investigation, it was concluded that this may 
have been due to the length of the heated section in Yun’s experiment almost being twice that of 
Lee’s case.  
 Interestingly, the differences in working fluid properties along the annulus height (i.e. 
saturation temperature, liquid density, and latent heat) were found to directly reflect the 
calculations of the local flow parameters. 
 For the case having high heat and mass fluxes, a significant discrepancy between 
prediction and experimental data was observed further downstream. For example, a maximum 
difference of roughly 6 K was found near the exit of the heated section. Among these flow 
conditions, it was also found that the heat still remained in the heated wall, more than the actual 
experimental data. 
 To enhance the current prediction accuracy in the case of high heat and mass, the 
mentioned bubble mechanism interactions, such as merging during sliding, may need to be 
considered in the mechanistic model. Hopefully, this mechanistic incorporation may enhance in 
increasing not only the quenching component, but also the evaporative portion.   
 Overall, the simulation results using the Wet-Steam material, particularly for the 
predicted SMDs, were found to be in better agreement with the experiments than using the 
constant-property liquid. Therefore, this validation study can reveal outstanding performance 
when introducing the Wet-Steam fluid together with the mechanistic wall portioning model for 
predicting subcooled boiling flow. 
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7.1.3 Performance investigations of mechanistic approach at elevated pressure 
 In this investigation, the proposed mechanistic approach was used to further investigate 
subcooled flow boiling at an elevated pressure (~5 bars). To evaluate the current approach 
performance at these flow operations, the local parameters (i.e. void fraction, Sauter mean 
diameter (SMD), liquid velocity, and gas velocity) of Ozar’s experiments were compared with 
the predictions. The variable (realistic) fluid properties were employed as a working fluid. 
Physical insights near the heated wall (void fraction and subcooling temperature) were 
particularly monitored in this work. 
 Although only the dispersed and spherical bubbles (Group-1) were considered in the 
simulations, the predicted void fractions at the considered locations were found to be in very 
good agreement with the experiments that represent a summation of Group-1 and Group-2 (cap 
and slug bubbles). To date, results using the wet-steam approach can confirm performance in 
terms of capturing the change of void fraction along the height of the heated subcooled region.  
 Since the predicted void fraction and interfacial area concentration have been found 
to show good agreement with the experimental data, by using this mechanistic approach, the 
evaporative heat flux can be estimated appropriately for the current heat and mass conditions.  
 Moreover, the prediction of other parameters including bubble Sauter mean diameter 
(SMD) and bubble velocity were found to only have satisfactory agreement with the 
experimental data. In order to improve the current prediction, it is suggested that assessments of 
the available lift-coefficient models be investigated in future work.  
 In the current work, the mechanistic models were not considered as the physical 
situation of bubbles merging without sliding on the heated wall. Generally, this type of bubble 
behaviour can be found when the wall-superheating temperature is high, and flow conditions are 
operating at elevated and high pressures. Hence, it has been suggested that the physical nature of 
the bubble dynamics, while growing on the heated wall, be incorporated into the current code.  
 In order to obtain a clearer view about the heat remaining in the hot surface/rod, 
comparisons of the wall-superheating temperature along the wall height with the experimental 
data are also recommended for future work.  
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7.1.4 Model developments by considering the essential physics of nucleated bubbles 
  In summary, four possible circumstances (i.e. lifting-off, sliding without/with merging, and 
merging without sliding) involving bubble interactions on a heated wall have been considered for 
embedding in the original mechanistic approach. Specifically, the subroutines of the bubble 
departure diameter and quenching heat coefficient were modified. The primary steps for 
incorporating these essential bubble physics can be presented as follows. 
 At the FORTRAN subroutine of bubble diameter calculation, summations of 
resultant forces in x- and y- directions were introduced for deciding the conditions of bubble 
sliding. Fundamentally, by comparing their positive values, the directions of nucleated bubble 
movements (sliding or lifting-off) could be determined.  
 Currently, the situation of bubble sliding on the heated wall for certain distances is 
considered once the positive resultant forces parallel to the wall is found to be higher than the 
summation of perpendicular forces.  
 The possibility of a merging situation can occur when the gap among the active 
nucleation sites is less than the sliding distance. Consequently, these terms are also further 
involved in calculating the quenching heat coefficient and the area fraction influenced by 
attached bubbles.  
 In case of having very high nucleation site density, the condition of merging without 
sliding is introduced in the calculation of the quenching heat coefficient. Practically, the distance 
between the active site is simply employed in the calculation, rather than the sliding diameter. 
Nonetheless, the current consideration may require a precise investigation alongside experimental 
observation in future work.  
 For the evaporative heat term, it should be noted that the bubble lifting-off diameter 
was always employed for calculating this component of the heat This is because in the present 
work, the sizes of the detached bubbles were assumed to be at least equal to the lifting-off 
diameter prior to leaving the heated wall. 
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7.1.5 Evaluation of the developed mechanistic approach at high pressure 
Following modifications by incorporating the essential physics of the growing bubbles, the 
developed mechanistic approach was recently evaluated. In this work, the experiments that 
operated at high pressure were compared with numerical results. In addition to the developed 
mechanistic approach, there have been two other different approaches employed for this 
numerical elucidation. Overall, the main outcomes from this numerical study can be summarised 
as follows. 
 Generally, all of the selected approaches (the empirical correlation, and the original 
and developed mechanistic approaches) were capable of subcooled boiling flow prediction at 
high pressure; nevertheless, the recently developed approach can provide outstanding prediction 
accuracy compared to the considered flow conditions.  
 Comparing between the original and developed mechanistic approaches, the better 
agreements with the experimental data of the predicted void fraction, liquid temperature, bubble 
Sauter Mean Diameter (SMD), and superheating temperature were found from the latter. 
 Among the simulation cases using the variable (realistic) properties, the quenching 
term was found to play a major role in the calculation of the wall heat partitioning algorithm, 
particularly further downstream.  
 This type of heat transfer phenomenon is quite different from the results gained using 
empirical correlations, where the evaporative term was found to dominate on the heated surface. 
This may potentially have been the case due to the presence of different fluid properties in 
modelling. 
 Interestingly, using different material properties, the importance of local parameters 
required for code development, for example, the void fraction and the subcooling temperature 
near the heated wall, can be also pointed out for future experimental observations.  
 In addition, the introduction of variable fluid properties may be preferable to constant 
properties in cases with vertical geometry; however, as mentioned previously, the length of the 
heated wall is a crucial factor. 
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7.2 Recommendations for future research 
As stated in the introduction, the developed mechanistic approach expands capability in 
terms of satisfied modelling accuracy over a wide range of subcooled boiling flows. To achieve 
research expectations, the following tasks may require completion in future studies.  
 The developed mechanistic approach investigated performance using only 
experiments that operated at high pressure. To fully evaluate the potential of this developed 
approach, introducing investigations at different pressure conditions may be required. 
 Recently, a number of assessment works involving the force balance approach, based 
on original work by Klausner have been conducted, due to attempts to precisely calculate bubble 
departure during a bubble’s growth. Hence, considering these improvements, perhaps a satisfying 
modelling accuracy for predicting over a wider range of subcooled boiling flow conditions can be 
obtained.  
 Although there have been a limited number of experimental observations of active 
nucleation site cavities, an individual assessment of fractal analysis may provide some positive 
feedback in terms of modelling reliability 
 Since the bubble and liquid velocities have been found at over-predicted values near 
the heated wall, focusing on the effect of a bubble’s motion (turbulence) on the heated surface is 
currently needed to improve as further investigations. 
 Fundamental physics regarding bubble coalescence mechanisms on the heated wall 
may need to be precisely studied in future. If this is done, a situation such as the occurrence of a 
mushroom bubble can be elucidated and eventually, an in-depth understanding can be established 
for future code development.  
 Developments in the population balance model (PBM) for predicting Group-2 
bubbles (cap, slug, and churn-turbulent bubbles), particularly the capability of the available 
coalescence and breakage kernels currently requires additional investigation. Consequently, more 
accurate predictions of the possible size/shape of bubbles at high pressure and/or high heat and 
mass flux operations can potentially be achieved. 
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 
Abstract— Due to the safety conditions for operating the nuclear 
reactors, a number of researches have attempted to gain more 
knowledge and to understand the boiling flow phenomena. In this 
research, the wall boiling models, based on the mechanistic 
approach, were improved into ANSYS CFX 14.5 for studying the 
sub-cooled boiling flow. Basically, these constituted models are 
required for predicting the main parameters at the heated wall 
boundary, which include (i) nucleation site density, (ii) bubble 
departure diameter, and (iii) bubble departure frequency. Currently, 
the wall heat flux partitioning closures have been modified to 
consider an influence of bubble sliding along the wall before the 
lift-off, which usually happens in the flow boiling. For the 
simulation, it was performed based on the Two-fluid model, 
together with the k-ɛ turbulent model. Also, the properties of Wet 
Steam (IAPWS) at considered temperature and pressure operations 
were adopted as the working fluid conditions. The available 
experimental data, which observed the boiling flow at the low 
pressure, were chosen. The results showed that the void fraction, 
vapor velocity, liquid velocity, and Sauter Mean Diameter (SMD) 
from the predictions were found to be in fair agreement with the 
experiments. Thus, the current mechanistic models are necessary to 
develop further to obtain more accurate prediction of this flow. 
According to the experimental works, the mechanisms, such as a 
merging of bubbles during sliding, a shrinking of bubbles during 
the condensation, will be considered for the code development in 
the future work.     
 
Index Terms—Two-fluid model; Subcooled boiling flow; Wall 
partitioning heat flux; Bubble interactions; Mechanistic model; 
Population balance method; Computational Fluid Dynamics (CFD) 
I. INTRODUCTION 
Sub-cooled boiling flow is of the most interest to nuclear 
power industries because it presents typical nuclear reactors 
and plays a key role in cooling of the reactor core. Due to 
the safety operation and new designs of the nuclear reactors, 
many researchers have attempted to gain more 
understanding in sub-cooled boiling flow phenomena. In 
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general, the size of vapor bubbles, which are nucleated from 
the heat wall, can represent a portion of latent heat from the 
heated wall carried into the bulk liquid. However, other 
important parameters, including a bubble growth rate 
(frequency) and a waiting time during the bubble generation, 
are also needed to be considered. This is because they can 
determine how fast energy is transferred to the liquid. 
Basically, these boiling parameters are involved in 
determining the boiling heat flux partitions; convective,
quenching and evaporative heat flux. Based on intensively 
investigated experimental studies, they have been 
formulated in the forms of empirical correlations [1], [2] and 
[3].  
In the past decades, there have been a number of 
experimental works studying the pool boiling and the flow 
boiling[4],[5],[6],[7],[8] and [9]. These significant works 
allow us to develop and improve an accuracy of the 
numerical techniques in predicting the boiling phenomena. 
Afterward, some confidential models have been adopted 
into Computational Fluid Dynamics (CFD) software for 
predicting the boiling application[10],[11],[12] and [13]. For 
instance, the RPI (Rensselaer Polytechnic Institute) model 
which is available in ANSYS CFX is used to predict the 
pool boiling [14]. However, to introduce this RPI algorithm 
for predicting the flow boiling, the available consituted 
models used to predict bubble departure diameter, 
nucleation site density and bubble frequency, have to be 
modified to account more realistic bubble behaviors which 
happen in a forced convective sub-cooled boiling flow. For 
example, the experimental observation suggested that there 
has been a sliding of bubbles before their departures [15], 
[16] and [17]. Recently, there has been an attempt to 
experimentally study the sliding bubble dynamics to gain a 
better understanding of the boiling heat transfer mechanism 
[18]. 
At the present work, the constituted closures including 
Yu’s fractal analysis [19], Klausner’s force balance method 
[15] and Yeoh’s mechanistic model, proposed to calculate 
the nucleation site density, bubble departure diameter and 
bubble frequency, respectively, were adopted for this 
validation study. Lee’s experimental data [20] which 
investigated the boiling flow at low pressure were utilized to 
evaluate the accuracy of the proposed models in term of 
predictions this flow behavior.  
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The objectives of this work were (i) to evaluate the 
current mechanistic approach in term of the prediction 
accuracy for studying the sub-cooled flow boiling, and (ii) 
to address a further development of the current employed 
models in order to extend a wider range prediction of this 
flow. In order to assess the modeling accuracy, the results 
i.e. bubble size distribution, void fraction distribution, 
temperatures and velocities of liquid and gas were compared 
with the experimental data. 
 
II. FLOW DESCRIPTIONS AND GOVERNING EQUATIONS 
A. Phenomenological descriptions  
Flow characteristic of the sub-cooled boiling is presented 
in Fig. 1a. Basically, the sub-cooled liquid flows pass 
through the heated wall, and then vapor bubbles start to 
initiate on the wall at the ONB (Onset of Nucleate Boiling). 
The location where the amount of vapor starts to 
significantly increase is called the Net Vapor Generation 
(NVG), in which the sub-cooling temperature is dominant 
the flow structure.  
 
From Fig. 1b, the void fraction of vapor gas may increase 
along the way because of bubble interactions including the 
break-up and the coalescence. In contrast, the size of vapor 
bubble may be reduced because of condensation, when they 
leave the wall and oppose to the lower- temperature bulk 
liquid. 
B. Two-fluid model 
Computational Fluid Dynamics (CFD) method of two-
phase flow systems relies on the average flow models, and 
they may range from simple mixture models to more 
complex two-fluid models [13, 21, 22] where the equations 
are separately solved for each individual phase.  
 
 
 
 
 
 
Physically, this flow can be also described based on the 
averaged equations of continuity, momentum and energy 
governing of each phase. For the gas phase, it can be 
represented as disperse phase (
g ), and its ensemble-
averaged equation may be written as follows:  
- Continuity equation of gas phase: 
(1) 
 
For the liquid phase, the liquid is represented as the 
continuum phase ( l ), and its continuity can be written as: 
- Continuity equation of liquid phase: 
(2) 
 
Where    is the density,    is the volume fraction,   u  is 
the velocity vector. It should be noted that the right term of 
the equations ( lg ) is involved in the calculation because of 
the condensation effect.  
 
The momentum equations of gas and liquid phases may be 
expressed as follows:    
 
- Momentum equation of liquid phase: 
 
 
 
(3) 
- Momentum equation of gas phase: 
 
 
 
(4) 
Where e
l
  and eg  are the effective viscosities of the liquid 
and gas phases, respectively. These viscosity terms are 
calculated using the turbulence models which are normally 
required since the nature of this forced convective sub-
cooled boiling is turbulent.     
- Interfacial momentum forces: 
The total interfacial force lgF  in equations (3) and (4) is 
formulated based on the appropriate consideration of 
different sub-forces affecting the interface between each 
phase. For the liquid phase, the total interfacial force is 
given by the drag, lift, wall lubrication, and turbulent 
dispersion, and they are shown in equation (5). More details 
regarding these terms can be found from the work of 
Anglart and Nylund [23].    
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(a)                                               (b) 
 
Fig. 1.  Phenomenological descriptions of subcooled boiling flow; 
 (a)  Bubble interaction mechanisms (b) Void fraction occurrence  
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Since the gas phase was assumed to be at saturated situation, 
the calculating requirement of energy equation of gas phase 
was ignored. The energy equation of liquid phase may be 
expressed as: 
 
- Energy equation of liquid phase: 
 
(6) 
 
Equation (7) expresses a calculation of the interfacial heat 
transfer (
lgQ ) term at the energy equation, and in this case it 
represents the heat transfer due to the condensation process. 
- Interfacial energy terms: 
(7) 
 
In order to calculate the heat transfer at the interface, the 
interfacial area term ( ifa ) is necessary, and as displayed in 
eq.(7), it can be calculate based on the bubble mean 
diameter    ( sD ) and gas void fraction ( g ).  
 
A. Population Balance Method 
Population Balance Methods (PBM) is widely used as a 
co-operation with the multi-fluid modeling framework to 
determine the coalescence and break-up phenomena of 
bubbles. Recently, the performance of different PBM 
including direct quadrature method of moments (DQMOM) 
[24], average bubble number density (ABND) model [25], 
and MUlti-SIze-Group (MUSIG) model [26], has been 
assessed.  
In this simulation, Inhomogeneous Multiple-Size-Group 
(MUSIG) model, originally developed by Lo [26], was 
adopted to account a non-uniform bubble size distribution. 
The bubbles were divided into 15 classes of equal diameter, 
and each class was traveled at different velocities.  
 
  iphiijjijgijj RmSufαρt fαρ )(,    
 
(8) 
 
Where the source term (
ijS , ) of this equation is a 
representative of the birth and dead rates caused by the 
coalescence and breakage of bubbles. To obtain these terms, 
the model proposed by Luo and Svendsen [27] was 
employed for calculating the break-up rate , and the model 
proposed by Prince and Blanch [28] was adopted for 
calculating the coalescence rate. The details of them are not 
descried here. For the second term (
phR ) on the right of the 
equation, it represents the source rate due to phase change, 
and this can represent the mass transfer due to the 
condensation. 
III. THE CONSTITUTED MODELS FOR THE WALL HEAT FLUX 
PARTITIONING ALGORITHM 
 
In order to obtain the parameters required for the wall 
heat-flux partitioning algorithm, the constituted models 
employed for nucleation site density, bubble departure 
diameter and bubble lift-off frequency calculations are 
detailed as follows:  
 
- Nucleation site density ( aN ) 
For the nucleation site density calculation, the fractal 
analysis, originally formulated by Mikic and Rosenow [29], 
was employed in this study. Basically, this model considers 
the nucleation site density based on a power correlation of 
the active cavities on heated surface. As presented in 
equations (8), (9), (10) and (11), the variables including the 
superheat temperature (
supT ) and the sub-cooling 
temperature ( subT ) and the liquid properties, which are 
required for thermal boundary thickness ( l ) calculation, 
are mainly participated in this model.  
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From the above equations, max,cD and min,cD are the 
maximum and minimum of active cavity diameter. The fd
term represents the area fractal dimension (1< fd <2) and 
  is the contact angle of the fluid on the heated wall. 
Where fggsat hT  /2 ,  sin/)cos1(1C  and 
 cos13C . Further details regarding the fractal analysis 
can be found from Yun et al. [19]. 
 
- Bubble lif-off diameter( lD )  
For the bubble lift-off diameter calculation, the force 
balance approach, formulated by Klausner et. al [15] and 
Zeng et. al [30], was introduced in this study. All the forces 
acting at the vapor bubbles are depicted in Fig. 2, and the 
equations used for calculating the bubble diameter are 
shown in (12) and (13). Basically, the bubble lift-off 
diameter (
lD ) can be obtained when a summation of the  
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forces involved in the x-direction (perpendicular to the 
wall) is equal to zero    0xF . Similarly, for the y-
direction, several forces are involved in calculating a size of 
the sliding bubble ( slD ).This sliding diameter can be 
obtained when the summation of forces reach a zero   0yF . It should be noted that this value is required for 
calculating the bubble influence area for the quenching heat 
flux term.  
 
 
 
- Along the x-direction: 
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Where sysx FF ,  are the surface tension forces;  
duydux FF ,  are  the unsteady drag forces due to 
asymmetrical growth of  the bubble;  sLF   is the shear lift 
force; hF  is the force due to the hydrodynamic pressure; 
cpF  is the contact pressure force accounting for the bubble 
being in contact with a solid; qsF  is the quasi steady-drag 
force in the flow direction; and bF  is the buoyancy force.  
Also, a , r and i  are the advancing, receding and 
inclination angles, respectively; wd  is surface/bubble 
contact diameter; g is gravitational acceleration; r  is the 
bubble radius and U  is the relative velocity between 
bubble and the liquid; DC and LC are drag and lift force 
coefficients, respectively; and their formula has been found 
in Klausner’s work [15].  
 
- Bubble lift-off frequency ( f ) 
In this study, the bubble frequency term was calculated 
using a mechanistic approach proposed by Yeoh et al. 
Basically, this frequency term is formulated by considering 
a life cycle of vapor bubble generation at the active cavity 
site. By substituting the waiting time and the growth time, 
the formula for bubble lift-off frequency can be obtained as 
follow:   
gw tt
f 
1
 
 
(14) 
The consuming time after the departure of a vapor bubble 
from the cavity site and just before the regeneration of a new 
vapor bubble (waiting or quenching time) can be estimated 
by using Hsu’s criteria, and it can be expressed as follow: 
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(15) 
Where supT  is the wall superheat and subT  is the sub-
cooled temperature;  sin/)cos1(1 C  and 
sin/12 C , cr  is the cavity radius; and   is the liquid 
thermal diffusivity. For further details regarding the 
equation, it can be found from Yeoh [1]. For the term of the 
growth time ( gt ), it can be examined by adopting the 
sliding diameter ( slD ) into (16). 
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(17) 
Where Ja is represented as a Jacob number and it may be 
estimated from the above equation.    
 
             
 
 
Fig. 2.  Schematic diagram of the forces acting on a vapor bubble 
before leaving the heated wall (Yun-Je Cho et al. 2011). 
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IV. EXPERIMENTAL DESCRIPTIONS 
 
Three cases from an experimental study of Lee [20] were 
introduced in this validation study. The operation details of 
each case are presented in the Table 1. Noticeably, the wall 
heat flux and liquid mass flux for each case are different, 
and the operating pressures for all cases are at low pressure. 
Working fluid used in the experimental study was 
demineralized water. Moreover, the uncertainties of the void 
fraction, liquid and gas velocities were 3% and the bubble 
Satuter Mean Diameter was 27%. 
 
Table  1. Experimental details of the flow conditions of the selected cases 
 Case Pinlet 
(kPa) 
Tinlet 
(°C) 
Tsat-Tinlet 
 (°C) 
Qwall 
(kW/m2) 
G 
(kg/m2s) 
L1 142 96.6 13.4 152.3 474.0 
L2 137 94.9 13.8 197.2 714.4 
L3 143 92.1 17.9 251.5 1059.2
 
As shown in the Fig.  2, the experimental configuration of 
Lee consists of a vertical concentric annulus with an inner 
heating rod of 19 mm outer diameter. The length of heated 
section is 1.67 m. This rod can produce a uniform heat using 
a 54kW DC power supply. The diameter of outer wall is 
37.4 mm, and there is a transparent glass connected for 
visual observation. The measuring plane for collecting the 
experimental data is 1.61 m, and this is far from the inlet as 
depicted in the Figure. 
 
V. SIMULATION DETAILS 
 
Two sets of continuity, momentum, energy of each phase 
were simultaneously solved based on the finite volume 
method. Since the gas phase was assumed to be a saturated 
condition, this could lead to only one energy equation for 
the liquid phase. The SIMPLE algorithm was used to handle 
the coupling of velocity-pressure calculation. Again, the 
Inhomogenous MUSIG was employed to track the bubble 
size distribution. Thus, the iterative process the fifteen 
transport equations were coupled with the flow equations. 
Because of annular geometrical shape, only a quarter of 
the annulus could be considered in this simulation. The total 
grid, used in calculation, was 1170, with 13(radial) x 
30(height) x 3(circumference). The operating conditions, 
such as wall heat fluxes, mass flux, sub-cooling 
temperatures from Lee’s experiments, were adopted into the 
simulations as the boundary and initial conditions.  
Also, to gain more realistic simulation, the properties of 
Wet Steam (IAPWS-IF97) at the considered ranges of 
temperature and pressure were used as the working fluid 
conditions. So far, no standard turbulence model has been
tailored for bubbly flow in handling bubble-induced 
turbulent flow. However, because the void fraction of this 
flow was considerably low and the bubble sizes were
relatively small, the standard k–ε model was adopted for the 
liquid phase and dispersed phase zero-equation was
employed for the gas phase.  
For boiling model, the proposed models, which consist of 
the fractal model (2002), the force balance model (1993), 
and the mechanistic model (2008), were examined through a
CFD code. These proposed closures were implemented into 
the commercial Computational Fluid Dynamics (CFD) code 
named ANSYS CFX 14.5 via user FORTRAN files. 
Usually, at each equation of the size fraction (except at the 
smallest group, Group 1), additional source terms should be 
accounted for the condensation effects; however these terms 
have not been implemented into the current simulation yet. 
However, at the heated wall boundary the nucleation terms 
were included into the size fraction equations of the groups 
which have the mean diameter closed to the bubble lift-off 
diameter as the evaporative heat sources.    
Overall, the convergences of all the simulation cases were 
found between 4200 and 6500 iterations when their residual 
terms were below 1x10-6. The total times consumed for all 
simulation cases for their calculations were less than 5 hrs.  
 
VI. RESULTS AND DISCUSSIONS 
A. Void fraction 
The prediction of local mean radial profiles of void fraction 
comparing with the experiments is presented in Fig. 3. 
Among these three cases, the highest void fraction was 
similarly shown near the heated wall; this may be a result of 
lots of bubble nucleated from the heat wall. However, when 
bubbles were located far away from the wall, the void 
fraction was decreased. This reduction may be due to their 
condensation. To our knowledge, when the departed bubbles 
opposed to the bulk liquid which has lower temperature, the 
sizes of them became smaller. Hence, it was also resulted in 
                              
Fig. 2.  Schematic representation of Lee’s testing channel  
 159 
 
lower void fraction. For the case L152, the predicted void 
fraction was higher than the experiment, and this may be 
because of an over-prediction of a portion of the evaporative 
heat flux from the wall heat flux. 
 
A. Liquid velocity 
As shown in Fig. 4, at near the heated wall, the predicted 
velocities of case L152 and case L197 were higher than the 
experiment, and the lower values were found at the locations 
far from the wall. This may be a result of high temperature 
at the heat wall. However, for the case L252, the highest 
velocity from the experiment was found at the middle of the 
flow channel instead. Since this case exhibited the highest of 
the mass flux when compared with the others.  
 
 
Thus, the velocity field may be dominated by this high 
flow-rate, and it may also be less influenced by the wall 
temperature if compared with the other cases. Among these 
cases, similar trend were found between the predictions and 
experiments, and the differences between them were less 
than 0.20 m/s.   
  
B. Gas velocity 
From Fig. 5, the local mean radial profiles of predicted 
vapor velocities of case L152 and case L197 were in a  
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Fig. 4.  Comparisons of local mean radial profiles of liquid velocity between 
experiment and prediction.  
(a) Case L152, (b) Case L197, (c) Case L252 
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Fig. 3.  Comparisons of local mean radial profiles of void fraction between 
experiment and prediction.  
(a) Case L152, (b) Case L197, (c) Case L252 
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similar trend. Their gas velocities closed to the heated rod 
were slightly higher than the experimental results. This may 
be because the sizes of bubbles on that area are smaller than 
the bubble size from the experiment, then it could result in 
higher velocities. However, in the reality, while the flowing-
up, the travelling bubbles may merge/collide to the 
neighbors, those are still attached the heated rod. Eventually, 
they become bigger bubbles and result in lower vapor 
velocities at the area closed to the heated rod.  
 
 
 
For the case L252, the predicted velocity of vapor was 
similar to the others. Higher velocity than the experiment 
was found at near the heated surface. Interestingly, there 
was a sudden drop of the vapor velocity at the locations far 
from the heated rod, and this could imply that there were no 
flowing bubbles at that locations. Overall, the vapor 
velocities of all cases were higher than the liquid velocities; 
this was a result of lighter density (buoyancy force) of the 
vapor. 
 
A. SauterMean Diameter (SMD) 
The comparisons between the predictions of the mean 
bubble diameter and the experiments at the measuring plane 
are shown in Fig. 6.  
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Fig. 5.  The comparisons of local mean radial profiles of vapor velocity 
between experiment and prediction.  
(a) Case L152, (b) Case L197, (c) Case L252 
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Fig. 6.  Comparisons of local mean radial profiles of SMD between 
experiment and prediction.  
(a) Case L152, (b) Case L197, (c) Case L252 
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the bulk liquid which has lower temperature. Then, the 
heat and mass from the bubbles are transferred to the bulk 
liquid (condensation), as shown in Fig. 6, their sizes become 
smaller and they can be disappeared.   
However, from the prediction, the bubble sizes which 
were far from the wall were slightly smaller than those close 
to the heated wall. Also, the predicted mean sizes of bubbles 
closed to the heated rod were smaller than the experimental 
results. In contrast, the bigger sizes comparing with the 
experiments were located far from the head rod. Thus, this 
can show a significant difference between the current 
predicting results and experiments.  
As mentioned earlier, the condensation effects at the PBM 
equations of the simulations have not yet been considered.  
Thus, the effect from condensation process cannot be clearly 
observed from the predictions. Therefore, a further work 
regarding the condensation terms is required to gain more 
accurate simulation. 
A. Simulation results regarding the boiling model  
As shown in Fig. 7, the highest wall temperature from the 
predictions was about 24.5 °C (case L252), and it was as 
low as 17.5 °C for the case L152. This can be explained by 
comparing the heat flux among these three cases (Table 7.1). 
The case L252 showed the highest heat flux, therefore, the 
predicted results were higher than the others. Moreover, 
among the cases, the wall superheat temperature which was 
near the inlet was higher than the other area; apart from that 
the temperature remained nearly constant along the height. 
 
From Fig. 8, the predicted results of nucleation site 
density from three cases were between 1.0-2.8 millions per 
m2. At the near inlet, the lower values were observed, and 
this may be because they are affected by high sub-cooling 
temperature. Usually, the nucleation site density will be 
increased following the amount of the superheat 
temperature. So, the value from the case L252 should be 
higher than that from the case L152. However, this is not 
happened in this study, and this may be because the liquid 
mass fluxes and their sub-cooling temperature of the cases 
are also different.  
 
 
According to the fractal analysis, not only the superheat 
temperature was considered for predicting the nucleation 
site density, but the sub-cooling temperatures and other 
liquid properties were also involved. Thus, the higher 
nucleation site density was found when the superheat 
temperature was high and the sub-cooling temperature was
low. However, for the case of L252, the mass flux was high 
(higher liquid velocity), resulting in the slightly reduced 
sub-cooling temperature when compared with the other two 
cases (which have lower liquid velocities at the inlet). 
Therefore, even though the case L252 showed a higher 
superheat temperature (Fig. 7), there may be higher sub-
cooling temperature as well. Therefore, based on the fractal 
model, the L252 case could be resulted in lower number of 
nucleation site density, as shown in Fig. 8.  Furthermore, it 
can be noticed a sudden change of the nucleation site 
density for the case L152 (Fig. 8). This may be because, the 
fluid temperature at that location become more stable.    
  
As depicted in Fig. 9, the predicted bubble lift-off frequency 
of all cases based on the mechanistic approach was between 
50-80 Hz. Normally, the predictions of bubble frequency at 
a lower heat flux should present lower value. However, for 
the case of L152 which exhibited the lowest heat flux, it 
represented at the highest frequency for a certain distance 
from the inlet. Moreover, its frequency was reduced  
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to be below the other cases after 0.40 m of the height 
above the inlet. From further investigation, it was found that 
the bubble lift-off diameter was suddenly changed to bigger 
sizes because of higher level of the force interactions. Thus, 
the longer time was required before its lifting-off. This was 
consequently resulted in lower frequency which was 
mechanistically calculated using the bubble growth time and 
the waiting time. 
 
VII. CONCLUSION AND FUTURE WORK 
 
The wall boiling closures including the fractal model, the 
force balance approach, and the bubble frequency has been 
successfully implemented into the ANSYS CFX 14.5 for 
studying the sub-cooled boiling flow. Based on the present 
mechanistic approach, the prediction results were in 
reasonable agreements with the experimental data. To our 
knowledge, the properties of Wet Stream are changed 
following the conditions of pressure and temperature. Thus, 
using them as the working fluid in the simulations, some 
realistic mechanisms of sub-cooled boiling flow have been 
noticed. Regarding the bubble size distribution, the current 
Inhomogenous MUSIG method may require a further 
modification to include the condensation term at the bubble 
size equations to increase the prediction accuracy. As a 
result, the void fractions of the cases, except Case L197, 
were higher than the experiments. This can be a result of 
high prediction of partitioning evaporative heat at the wall 
boiling algorithm. In another word, the proposed closures 
may give the over-predicted values of the area influenced by 
the vapor bubbles and/or the bubble lift-off diameter. Thus, 
our attentions for future work will be directly toward to the 
development of the force balance approach, i.e. the micro-
layer evaporation, the condensation at the bubble tips and 
bubble merging during sliding. This way could eventually 
improve a better prediction of the heat partitioning from the 
heated wall and also could increase an accuracy prediction 
of the flow structure variables, for example, the void 
fraction.  
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